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ABSTRACT

The overwhelming majority of plant species introduced into a new range never
become invasive. Consequently, identification of factors allowing the small fraction of
successful invaders to naturalize, increase in abundance, and displace resident species
continues to be a key area of research in invasion biology. Of the considerable number
of hypotheses that have been proposed to resolve why some plant species become
noxious pests, the enemy release hypothesis (ERH) is one of the most commonly cited.
The ERH maintains that invasive plants succeed in a new range because they are no
longer regulated by their coevolved natural enemies, and this reduction in enemy
pressure imparts a competitive advantage over native species, which continue to be
negatively impacted by top-down processes. Alternatively, the ability of invasive plant
species to outperform their counterparts, rather than escape from enemies, may be key
in conferring invasion success. The importance of preadapted traits and release from
natural enemies in successful invasion remains unclear, likely owing to a lack of
empirical studies comparing their effects on relative performance and population growth
of closely related species that differ in origin and invasiveness. A system of co-occurring
native, introduced non-invasive, and invasive Eugenia congeners exists in south Florida,
providing an opportunity to address deficiencies in our understanding of plant invasions
by investigating the factors leading to invasion success for Eugenia uniflora. This
approach is novel because very few studies have simultaneously incorporated both
native and introduced non-invasive congeners into tests of these hypotheses, and no
others have done so using this system of Eugenia congeners.
vi

The first study in this dissertation tested the ERH using an insect herbivore
exclusion experiment in the field to compare the effects of natural enemies on the
performance and population growth of Eugenia uniflora and its native congeners. The
results showed that E. uniflora sustained more herbivore damage than its native
counterparts, and that the effects of herbivores were sufficient to have negative impacts
on performance and population growth. In sum, these findings contradict the ERH.
Surprisingly, the vast majority of damage to E. uniflora was caused by the recently
introduced Sri Lankan weevil (Myllocerus undatus), with which it shares no
coevolutionary history. The second study compared seedling performance among
native, introduced non-invasive, and invasive Eugenia congeners to determine if the
success of E. uniflora can be attributed to superior performance traits. Invasive E.
uniflora was found to outperform its native and introduced non-invasive counterparts in a
number of seedling traits, including emergence, growth, and survival, in spite of
sustaining higher levels of herbivore damage in the field. This result was consistent
across years and sites, suggesting that superior performance may be an important factor
in invasion success by E. uniflora. The final experiment investigated the role of enemy
release on performance of native, introduced non-invasive, and introduced invasive
Eugenia seedlings using an insect herbivore exclusion experiment in the field. In this
study, the invasive E. uniflora was again found to sustain more damage by foliar
herbivores compared to its native and introduced non-invasive counterparts. However,
in spite of higher levels of herbivore damage, E. uniflora continued to outperform its
congeners in terms of stem growth, and its congeners did not outperform E. uniflora in
any attribute. Insect herbivores negatively affected survival of all species, but were
found to have little effect on growth. In combination, the results of these studies indicate
that the ability of E. uniflora to outperform its native and introduced congeners at the
seedling stage, and not release from insect herbivores, may contribute to its success as
vii

an invader. Additionally, E. uniflora exhibits relatively low resistance to herbivory in the
new range, and instead may possess an ability to tolerate moderate levels of damage.
The implications of this study are that enemy release may not be important in
determining invasion success in some systems, and that the accumulation of new
enemies may mitigate the effects of invasive plants over time. The paucity of studies
investigating interactions among invasive plants and herbivores that share no
coevolutionary history warrants further research. Finally, this system of Eugenia
congeners provides valuable opportunities to test additional hypotheses and to further
explore factors leading to invasion success.
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CHAPTER 1

Introduction

Concern regarding the ecological and economic ramifications of the movement of
organisms from their native habitats to new communities continues to intensify with the
ongoing global expansion of travel and trade. Non-native plant species are commonly
transported into the United States for use in agriculture, horticulture, and the production
of fiber (Pimentel et al. 2005), but are also introduced when propagules are inadvertently
carried on vessels or arrive as contaminants in ballast soils and seed shipments (Baker
1986). Such introduced species can have unexpected and detrimental effects when
they successfully establish outside of controlled environments, spread, and disrupt
recipient communities (Vitousek et al. 1997, Mack et al. 2000, Pimentel et al. 2005).
Indeed, invasive plants have been shown to reduce native species diversity and the
natural function of ecosystems (Maron and Vilà 2001), and biological invasions are
considered to be the second most significant cause of biodiversity loss after habitat
destruction (Wilcove et al. 1998). A relatively large proportion of natural communities
contain at least one introduced plant species (Maron and Vilà 2001) and this number has
the potential to increase significantly in the future.
The majority of introduced species never become invasive, failing to establish a
viable population in the new range. This phenomenon has been generalized as the
“tens rule”, whereby only one in ten species introduced to a new range will occur in the
wild, one in ten occurring in the wild will successfully establish, and one in ten that have
1

established will become a noxious invader (Williamson and Fitter 1996). Determining
what factors allow this small fraction of non-native species to successfully naturalize,
increase in abundance, and displace resident species has been a key area of research
in invasion ecology since its inception (Elton 1958, Parker and Gilbert 2007). It is
necessary to understand the mechanisms conferring invasion success in order to limit
the impact that exotic species have on natural communities (van Kleunen et al. 2010)
However, it remains unclear why some species successfully establish and become
dominant while others do not. Plant performance traits, interactions with existing
enemies, competition with native plants, propagule dispersal, and environmental
conditions in the new range have all been suggested to be important determinants of
successful invasion (Lonsdale 1999). Although a single hypothesis will not apply broadly
to all taxa, a greater understanding of the mechanisms of invasion may be achieved by
examining how life history traits and attributes of the recipient range interact to facilitate
invasion success.
A considerable number of distinct, but not necessarily mutually exclusive,
hypotheses have been proposed to resolve why some plant species are relatively
innocuous in communities where they are native but become problematic weeds where
introduced. Of these, the enemy release hypothesis (ERH), which maintains that
invasive species succeed in the new range because they have left their coevolved
natural enemies behind, is one of the most commonly cited (Elton 1958, Keane and
Crawley 2002, Liu and Stiling 2006). Based on ideas first introduced by Darwin (1859),
the ERH maintains that populations are kept in check by their co-evolved natural
enemies such as herbivores, pathogens, and/or predators in their native range, but are
relieved of this pressure in the recipient community. The idea that natural enemies limit
growth and reproduction is also the foundation for modern biological control programs,
where the abundance of an invasive plant is reduced upon introduction of specialist
2

enemies from its native range (Keane and Crawley 2002). For example, invasive
Lythrum salicaria (purple loosestrife) has been successfully controlled at some North
American sites by the release of associated leaf-feeding beetles from Europe, where L.
salicaria is native (Blossey et al. 2001). Although several studies and syntheses testing
predictions stemming from the ERH have been published in recent years (e.g. Maron
and Vilà 2001, Keane and Crawley 2002, Colautti et al. 2004, Liu and Stiling 2006, Chun
et al. 2010, Parker et al. 2012), the role of enemy release in invasion success remains
unclear.
The ERH is based upon the premise that plant populations are regulated by coevolved natural enemies in their native range, invasive species are less impacted by the
enemies encountered in the new range, and that this lower regulation results in a
competitive advantage and superior population growth (Keane and Crawley 2002).
Empirical evidence for each of the three points in this argument is varied, with little
consensus apparent in the literature. Although the ability of natural enemies to regulate
plant populations has been shown to occur in many systems (Hendrix 1988, Crawley
1989, Levine et al. 2004), other studies have generated conflicting results, with
regulation depending on the life history of the plant species, its associated herbivores,
and environmental conditions (Cripps et al. 2006). For example, Maron and Vilá (2001)
concluded that populations of relatively short-lived perennials lacking a persistent seed
bank should be most affected by herbivory. On the other hand, annuals that produce
large seed banks and longer-lived perennials that can rely on asexual reproduction or
otherwise compensate for poor years in seed production may be less impacted by
enemy release. Such discrepancies in the effects of herbivores on plant populations
may occur because although studies often show that herbivory can have a negative
effect on plant performance and fitness (Strauss and Zangrel 2002, Maron and Crone
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2006), some plants are able to mitigate the effects of herbivory through compensatory
growth (Strauss and Agrawal 1999).
The second assumption of the ERH follows that plants should experience
reduced pressure from herbivory, especially from specialist herbivores, when introduced
into the new range. Most co-evolved herbivores and pathogens are lost during the
introduction process and potential enemies occurring in the recipient range are not able
to utilize the resources provided by the introduced organism in the same way.
Consequently, the population is no longer controlled. Several recent studies show that
introduced plant species often experience reduced impact by enemies in their introduced
versus native range (e.g. Wolfe 2002, Mitchell and Power 2003, Cappuccino and
Carpenter 2005, Alba and Hufbauer 2012). However, studies comparing enemy impact
on co-occurring native and introduced species have been more equivocal (Colautti et al.
2004, Liu and Stiling 2006, Chun et al. 2010). Some recent meta-analyses have
supported the ERH, indicating that introduced invasive species tend to sustain lower
levels of herbivore damage than their native counterparts (e.g. Liu and Stiling 2006,
Hawkes 2007). On the other hand, Agrawal and Kotanen (2003) investigated enemy
release by comparing herbivore damage among 15 phylogenetically related pairs of
native and exotic plant species grown in a common garden. They found that greater
levels of herbivore damage were sustained by exotic plants compared to their native
counterparts in 11 out of 15 pairs spanning 10 families, seemingly contradicting
predictions generated by the ERH. This finding highlights the importance of
consideration of the invasiveness of the exotic plants, which is often overlooked
(Agrawal and Kotanen 2003, Cappuccino and Carpenter 2005). Based on the tenets of
the ERH, innocuous exotic species should escape pathogens and herbivory to a lesser
extent than highly invasive species. A study by Cappuccino and Carpenter (2005)
showed that herbivore damage of nine exotic non-invasive plants was significantly
4

higher than that experienced by nine exotic invasive species. A study conducted by
Mitchell and Power (2003) also considered differences in invasiveness and found
support for the ERH when relative numbers of fungal and viral pathogens were
assessed. Overall, these results underscore the importance of using closely related
native, introduced innocuous, and introduced invasive species in clarifying the role of
enemy release in invasion.
Finally, the third assumption of the ERH maintains that the reduction in regulation
by natural enemies must positively affect performance, and subsequently, population
growth of an introduced species in the new range. Here, again, generalizations have not
emerged. Although some studies investigating the effects of herbivores on invasive plant
performance indicate that herbivory can negatively impact performance and
establishment, these findings can still provide support for the ERH if native competitors
experience greater herbivore pressure, thereby allowing invasive species to increase in
relative abundance (Levine et al. 2004, Liu and Stiling 2006). In a recent review, Liu and
Stiling (2006) found only two empirical studies addressing the impact of insect herbivory
on native and exotic plant performance, both of which provide support for the ERH
(Schierenbeck et al. 1994, DeWalt et al. 2004). Conversely, results of a more recent
meta-analysis by Chun et al. (2010) showed that there is little evidence to support the
prediction that enemies have less effect on invasive species than their native
counterparts, instead indicating that invasive exotic species may actually be at a
disadvantage in the presence of enemies. They note that empirical studies coupling the
effects of enemy damage on the relative performance of native and invasive species
remain low in number, however. Furthermore, the true effect of enemy release on the
ability to invade will rely on more studies that address the effect of enemies on plants of
different invasiveness, and quantification of the effects of herbivory on complete sets of
population vital rates (growth, survival, and reproduction) to model population growth.
5

Such studies are necessary because performance attributes do not necessarily have
population-level effects (Crawley 1989). The deficiency in such studies quantifying the
effects of enemies on population growth is not entirely surprising, due to the fact that
herbivore impacts on plant population dynamics can only be quantified via herbivore
exclusion experiments, which require significant investments of resources and time (Liu
and Stiling 2006).
Other authors emphasize the ability of invasives to outperform co-occurring
plants in the recipient range as a result of a preadapted competitive advantage, rather
than escape from enemies, is key in conferring invasion success (Lonsdale 1999, Vilà
and Weiner 2004, van Kleunen et al. 2010). Indeed, some plant species may be chosen
for introduction because they perform better than others (Colautti et al. 2006), which may
give them a competitive edge in the new range. The ability to opportunistically capture
resources appears to be a highly important factor in successful invasion by plants
(Grotkopp and Rejmánek 2007), and different evolutionary histories may allow some
non-indigenous plants to outcompete native plants by taking up limiting resources more
quickly, producing dense monocultures, or maintaining high levels of allelopathy (Keane
and Crawley 2002). A recent meta-analysis by van Kleunen et al. (2010) indicated that
invasive plants often outperform native and introduced non-invasive counterparts in a
number of functional trait categories, including plant size, growth rate, and fitness. The
results of other studies do not always support these findings. A review by Daehler
(2003) demonstrated that native plants performed equivalently or better than those that
are invasive in 11 of 16 studies, at least under certain growing conditions, and a metaanalysis by Chun et al. (2010) indicated that while there is a trend for invasive species to
outperform natives in the absence of enemies, the result was not significant. If superior
performance explains invasion success, a successful invader should also outperform
introduced species that have failed to do so. However, the number of studies comparing
6

performance of invasive and introduced non-invasive species remains low (van Kleunen
et al. 2010). Grotkopp and Rejmánek (2007) found, in a study comparing seedling
performance of 14 pairs of confamiliar invasive and non-invasive woody plant species,
that invasive species outperformed their non-invasive counterparts in terms of high
relative growth rate and specific leaf area. Both of these factors can increase
competitive ability, allowing some plants to grow and obtain nutrients quickly in
comparison to other slower growing species. Many more studies of this kind are
necessary in order to elucidate general patterns regarding what performance attributes
are particularly important in conferring invasion success.
Various approaches are used to address mechanisms of exotic plant invasion,
and the conclusions arising from these methods have different implications.
Biogeographical studies examine populations of conspecifics in the native versus
introduced range, whereas community studies compare characteristics of closely related
native and introduced species occurring together. Surprisingly, the results of these two
methods often contradict one another (Colautti et al. 2004). Although biogeographic
comparisons can reveal differences in plant performance, population growth, or
competitive ability in the plants' introduced versus native range, natural communities are
structured by competition (Parker and Gilbert 2007), so the true impact of natural
enemies and performance attributes on plant population dynamics are best determined
by investigating how these factors affect invasive species interacting with others within
the invaded community. Likewise, although rarely undertaken, the importance of
including non-invasive introduced species with native and introduced invasive species in
testing hypotheses posed to explain invasion success has been emphasized by several
authors (Colautti et al. 2004, Levine et al. 2004, Liu and Stiling 2006). The incorporation
of both native and introduced non-invasive counterparts into the examination of factors
leading to successful invasion allows the researcher to test two different, but related,
7

questions. Comparisons of native and invasive species address why a successful
invader is able to outcompete native competitors in the new range, while comparisons of
introduced invasive versus non-invasive congeners address why some species are
successful invaders while others are not (Mack 1996, Hamilton et al. 2005, van Kleunen
et al. 2010). In addition, the use of closely related species minimizes confounding by life
history characteristics that can differ among species that are less closely related (Mack
1996, Agrawal and Kotanen 2003, van Kleunen et al. 2010). Studies using such
comparisons are rare because few plant systems exist in which congeneric native,
introduced invasive, and introduced non-invasive species co-occur in the same region
(Pyšek and Richardson 2007). Fortunately, such a system of Eugenia congeners
(Myrtaceae) exists in south Florida that can be used to test hypotheses related to the
success of invasive plants.
The study presented here endeavors to address deficiencies in our
understanding of plant invasions by investigating the roles of enemy release and
performance attributes in the successful invasion by Eugenia uniflora in south Florida.
Because of the limitations of previous studies investigating how these factors influence
invasion success and the considerations outlined above, we compared these factors
among co-occurring native, introduced non-invasive, and introduced invasive congeners
using manipulative experiments in the field and a common garden. This approach is
novel because few studies have simultaneously incorporated both native and introduced
non-invasive congeners into tests of these hypotheses, and no others have done so
using this system of Eugenia congeners. This study was conducted to better understand
what factors allow some introduced species to become powerful invaders while others
remain innocuous, and how introduced plants are impacted by the herbivore fauna
encountered in the recipient community.
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The first study presented here addresses the ERH using an herbivore exclusion
experiment to determine the effects of natural enemies on Eugenia uniflora and its native
congeners in the introduced range. Herbivore damage and its impacts on plant
performance, survival, and population growth were quantified. The results showed that
not only does E. uniflora experience higher herbivore loads than its native congeners,
the effects of herbivores are sufficient to have negative impacts on performance and
survival, and these negative effects are also observed at the population level. In sum,
these findings contradict the ERH. Surprisingly, the vast majority of damage to E.
uniflora was caused by Myllocerus undatus Marshall, a newly introduced weevil to
Florida from Sri Lanka (O’Brien et al. 2006). What makes this interaction particularly
interesting is that M. undatus and E. uniflora, native to Brazil, share no coevolutionary
history. In addition, the native Eugenia congeners exhibit relatively little damage by M.
undatus. Other studies addressing mitigating effects of an invasive insect herbivore
upon another with which it did not coevolve could not be located, suggesting that
examination of similar interactions among introduced species as they assemble novel
ecosystems is an important area of future research (Hobbs et al. 2006).
The second study compares seedling performance of native, introduced noninvasive, and invasive Eugenia congeners to determine if the success of E. uniflora can
be explained by superior performance attributes. The findings suggest that the invasive
species E. uniflora outperforms its native and introduced non-invasive counterparts in a
number of seedling traits, including emergence, growth, and survival, even in spite of
experiencing higher levels of herbivore damage in the field. This result was consistent
across four years in the common garden as well as in the field, suggesting that superior
performance is an important factor in invasion success by E. uniflora.
The final experiment investigates the role of enemy release on seedling
performance of native, introduced non-invasive, and introduced invasive Eugenia
9

congeners using an insect herbivore exclusion experiment in the field. In this study, the
invasive E. uniflora again sustained significantly more damage by foliar herbivores when
compared to its native and introduced non-invasive congeners. However, in spite of
higher levels of herbivore damage, E.uniflora continued to outperform all of the
congeners included in this study in terms of stem growth. Furthermore, none of the
Eugenia species were able to outperform E. uniflora for any of the attributes. All were
affected similarly by the impact of herbivores in terms of survival, and insect herbivores
were found to have little impact on seedling growth for most species. These results are
in general agreement with our findings in the previous studies.
The work presented here indicates that the invasive E. uniflora succeeds as a
result of its ability to outperform its native and introduced congeners, not because it is
released from insect herbivores. Furthermore, although E. uniflora does not resist
herbivory in the new range and is actually subject to a certain degree of biotic
resistance, it may possess an ability to tolerate moderate levels of herbivory by
outperforming its congeners in some traits even in spite of higher levels of damage. The
implications of this study are that enemy release may not be as important in determining
invasion success as often thought, and that accumulation of new enemies in the new
range may serve to have a mitigating effect on invasive species over time (Hawkes
2007, Chun et al. 2010). The most interesting outcome of these studies is the new
association between E. uniflora and the weevil herbivore Myllocerus undatus, which
appears to have an ability to regulate the population dynamics of E. uniflora, but does
not utilize its co-occurring congeners to the same extent. The paucity of studies
investigating similar interactions among invasive species as they continue to accumulate
to form new associations indicates that this is a much needed area of research, and
poses many further opportunities for investigation. Additionally, this system of Eugenia
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congeners provides valuable opportunities to test additional hypotheses and to further
explore factors leading to invasion success.
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CHAPTER 2

Herbivory by an introduced Asian weevil negatively affects population growth of an
invasive Brazilian shrub in Florida 1,2

Synopsis

The enemy release hypothesis (ERH) is often cited to explain why some plants
successfully invade natural communities and others do not. This hypothesis maintains
that plant populations are regulated by co-evolved enemies in their native range but are
relieved of this pressure where their enemies have not been co-introduced. Some
studies have shown that invasive plants sustain lower levels of herbivore damage when
compared to native species, but how damage affects fitness and population dynamics
remains unclear. We used a system of co-occurring native and invasive Eugenia
congeners in south Florida to experimentally test the ERH, addressing deficiencies in
our understanding of the role of natural enemies in plant invasion at the population level.
Insecticide was used to experimentally exclude insect herbivores from invasive Eugenia
uniflora and its native co-occurring congeners in the field for two years. Herbivore

1

Note: This chapter has been previously published as Bohl Stricker KR, Stiling P (2012)
Herbivory by an introduced Asian weevil negatively affects population growth of an invasive
Brazilian shrub in Florida. Ecology 93:1902–1911, DOI:10.1890/11-1328.1 and is reproduced
here with permission from the Ecological Society of America.
2

Note: See Appendix A for permission statement from the Ecological Society of America
regarding reuse (Figure A.1).
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damage, plant growth, survival, and population growth rates for the three species were
then compared for control and insecticide treated plants. Our results contradict the
ERH, indicating that E. uniflora sustains more herbivore damage than its native
congeners and that this damage negatively impacts stem height, survival, and
population growth. In addition, most damage to E. uniflora, a native of Brazil, is carried
out by Myllocerus undatus, a recently introduced weevil from Sri Lanka, and M. undatus
attacks a significantly greater proportion of E. uniflora leaves than those of its native
congeners. This interaction is particularly interesting because M. undatus and E. uniflora
share no coevolutionary history, having arisen on two separate continents and come into
contact on a third. Our study is the first to document negative population-level effects for
an invasive plant as a result of the introduction of a novel herbivore. Such inhibitory
interactions are likely to become more prevalent as suites of previously non-interacting
species continue to accumulate and new communities assemble worldwide.

Introduction

Many hypotheses have been proposed to explain why a small proportion of
introduced species successfully invade natural communities, reach high densities, and
negatively impact native species. One of the most often cited is the enemy release
hypothesis (ERH), maintaining that populations are kept in check by co-evolved natural
enemies (i.e. predators, herbivores, and parasites) where they are native but are
relieved of this pressure where these enemies are not co-introduced (Elton 1958, Keane
and Crawley 2002). In order for the ERH to unequivocally explain invasion success,
invasive species must experience lower levels of enemy pressure than competing native
species and this decreased enemy regulation must positively affect population growth
(Keane and Crawley 2002). Several studies and syntheses testing predictions
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stemming from the ERH have been published in recent years (e.g. Maron and Vilà 2001,
Keane and Crawley 2002, Liu and Stiling 2006, Chun et al. 2010), however, the role of
enemy release in regulation of exotic plant population dynamics remains uncertain
(Colautti et al. 2004). Although several studies show that invasive plant species indeed
experience reduced enemy damage in their introduced versus native range (e.g. Wolfe
2002, Mitchell and Power 2003, Liu and Stiling 2006), those that compare co-occurring
native and invasive competitors have been more equivocal (Agrawal and Kotanen 2003,
Cappuccino and Carpenter 2005). Only a small number of studies have examined the
effects of reduction in damage on plant fitness with well-constructed manipulative
experiments and of those that have, results have been mixed (Colautti et al. 2004, Liu
and Stiling 2006, Chun et al. 2010). Furthermore, the ability of herbivores to affect plant
populations in general has been and continues to be a major unresolved issue in
ecology (Hairston et al. 1960, Crawley 1989, Maron and Crone 2006, Parker et al.
2006). Although herbivores have been shown to exert strong negative effects on plant
fitness at the individual level (Hendrix 1988, Crawley 1989, Levine et al. 2004), whether
these effects are sufficient to depress plant populations is less clear (Leimu and Lehtila
2006). A small number of studies have been conducted in recent years to address how
enemies affect invasive plant populations (e.g. Schutzenhofer et al. 2009, Williams et al.
2010, Roy et al. 2011) with conflicting results. Only one of these (Schutzenhofer et al.
2009) addressed population dynamics of competing native and invasive congeners. The
paucity of these data is not entirely surprising, as population-level effects can only be
properly quantified through herbivore exclusion experiments, which are time, labor, and
cost-intensive. More studies that quantify the effects of herbivory on population growth
of invasive species are necessary in order to determine if enemy release contributes to
successful invasion of plant species.
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A system of co-occurring native and invasive Eugenia congeners in south Florida
provides an opportunity to investigate the effects of natural enemies on invasive plant
populations with an herbivore exclusion experiment in the field. Eugenia uniflora L.
(Surinam cherry) was introduced to south Florida from Brazil in the early 1900s
(Langeland and Craddock Burks 1998). It is now classified as a Category I exotic
invasive pest (FLEPPC 2011), having escaped cultivation and become naturalized in
eight counties (Gann et al. 2007) where it often co-occurs with two native congeners, E.
axillaris (SW.) Willd. (white stopper) and E. foetida Pers. (Spanish stopper). Some
support for the ERH in this system has been found (Liu et al. 2006, Liu et al. 2007),
indicating that E. uniflora sustains significantly lower levels of herbivore damage and
supports a less diverse insect herbivore fauna compared to its native congeners. That
E. uniflora sustains lower levels of foliar damage and is an unacceptable host plant for
most insect herbivores encountered in the new range indicates some release from native
herbivores has occurred; however, there is no evidence that this smaller herbivore load
has population-level effects. In addition, Liu et al. (2006) found most foliar damage to E.
uniflora was characteristic of Myllocerus undatus Marshall (Coleoptera: Curculionidae), a
recently introduced weevil to the United States from Sri Lanka (O’Brien et al. 2006), and
that M. undatus damage was significantly higher for E. uniflora than its native congeners.
Although facilitative interactions among invasive species, or invasional meltdown
(Simberloff and Von Holle 1999), has received a great deal of attention in the ecology
literature, very little notice has been afforded to negative interactions among introduced
species that share no coevolutionary history.
The purpose of this study is twofold. First, we employed a manipulative
experiment to test the role of enemy release in explaining invasion success of an
introduced plant. Under the tenets of the ERH, we predicted that E. uniflora will
experience less herbivore damage relative to native congeners under natural conditions
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but when herbivores are excluded from the system, we predicted a decrease in damage
will translate into significantly higher population growth rates of native species compared
to E. uniflora. Second, we will use these data to determine the effect of M. undatus on
E. uniflora fitness. Based on assumptions that follow from the ERH, we predicted that
release of E. uniflora from M. undatus will have lower influence on its population vital
rates than release from native insect herbivores for native Eugenia. This is the first
study, to our knowledge, to address the effects of an introduced herbivore on the
population dynamics of an introduced plant using an herbivore exclusion experiment.

Materials and Methods

E. axillaris, E. foetida, and E. uniflora co-occur in subtropical hardwood hammock
communities in south Florida. These communities are evergreen, broad-leaved forests
composed predominantly of trees common to the Bahamas and Greater Antilles (Myers
and Ewel 1990) and occupy limestone outcroppings overlain by sandy soil. Common
canopy species include Bursera simaruba (gumbo-limbo), Coccoloba uvifera (sea
grape), Ficus aurea (strangler fig), E. axillaris, E. foetida, and E. uniflora.
In February 2008, ten 3 X 3 m plots were established within the tropical
hardwood hammock at Hugh Taylor Birch State Park in Broward County, Florida. Half of
the plots were randomly assigned to treatment with insecticide and the other half to
water as a control. A buffer of at least 5 m separated the treatment and control plots.
Within the plots, Eugenia individuals that were at least 100 cm tall were tagged with
unique numbers so that damage, growth, and survival could be quantified for each
individual over subsequent censuses. Because sub-adult individuals were present in
higher densities, two circular, 1m diameter subplots were established in random
locations within each of the larger plots. All individuals of the three Eugenia species
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within these subplots were tagged, and new plants detected at subsequent censuses
were tagged and added to the experiment as they appeared. When at least 10 subadults per species and treatment combination were not located within the subplots,
additional individuals in the larger plot were randomly chosen and added to the
experiment to increase the sample size, when available. Care was taken to select plot
locations within which all three Eugenia species co-occurred, however, some plant
community heterogeneity and subsequent plant deaths resulted in two of the ten plots
lacking at least one of the three species.
Foliar damage represents a direct loss of photosynthetic tissue, so was used to
quantify impact of herbivores. Damage was quantified prior to insecticide application to
assess differences in insect herbivory among Eugenia species under natural conditions.
All leaves up to 100 were examined for presence/absence and type of damage. Type of
damage was classified to herbivore guild (leaf gall, leaf miner, leaf tier, or leaf roller),
with chewing damage further subdivided into general chewing and the distinctive
notching pattern of the introduced weevil, M. undatus. These measurements, along with
height and leaf number, were taken for each tagged individual at six-month intervals for
two years.
Immediately following the initial census, Merit® 75 WP (Bayer Environmental
Science 2004) was applied as a soil drench to the assigned plots at a concentration of
16 oz/100 gal/ acre, two times per year, as directed on the label. The other plots were
treated with an equal volume of water as a control. Merit® is a systemic imidacloprid
insecticide that is approved for use in state, national, and private wooded areas to
control a wide variety of insect species (Bayer Environmental Science 2004) and has
been used to experimentally exclude herbivores from various plant species in ecological
studies (DeWalt et al. 2004, Vasquez and Meyer 2011). Although imidacloprid is
effective in controlling a variety of insects, it is unlikely to have indirect effects on plant
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fecundity through pollinators in this experiment. A meta-analysis of thirteen laboratory
and field experiments by Cresswell (2011) indicates that field-realistic levels of
imidacloprid in nectar and pollen is too low to have acute effects on bees during
foraging. In addition, there is little evidence to suggest that imidacloprid effects woody
plant ecophysiology outside of its insecticidal properties (DeWalt et al. 2004, Chiriboga
2009). A common garden experiment testing possible direct effects of imidacloprid on
Eugenia ecophysiology showed no significant differences in pre-and post-treatment
ratios of Eugenia plant size (F 1,90 = 0.828, P = 0.365) nor leaf number (F 1,90 = 2.192, P =
0.142) between plants treated with the insecticide versus water over a two-month period
(Liu, unpublished data).
All statistical analyses of damage and growth were conducted in SPSS version
19 (IBM 2010). Response variables for all individuals of a particular species within a
single plot were averaged prior to analysis to account for non-independence. Profile
ANOVA (Simms and Burdick 1988) was used to test for differences in damage and
growth between species under treatment versus control conditions, with species treated
as the within-subjects factor. Because each plot was treated as a subject, any plots for
which there were no measurements for individuals of a particular species were excluded
from the analysis. Assumptions of normality and sphericity were tested using the
Shapiro-Wilk and Mauchly’s tests, respectively.
The average proportion of damaged leaves for each species before and after
insecticide treatment were compared to determine if native and invasive Eugenia
experience different levels of herbivore damage and if damage levels are reduced by
insecticide. Differences in proportion of leaves damaged among species and
insecticide application effectiveness were tested using doubly- multivariate profile
ANOVA (Tabachnick and Fidell 2001, von Ende 2001), with presence or absence of
insecticide the between-subjects factor, and census date and Eugenia species the
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within-subjects factors. The design is doubly-multivariate because proportion of
damaged leaves was measured both before (February 2008) and after (March 2010)
insecticide application for each species within a particular plot. In addition, proportion of
leaves damaged by M. undatus was compared to those damaged by all other guilds in
February 2008 with doubly-multivariate profile ANOVA, with guild and Eugenia species
the within-subjects factors.
In order to determine if herbivore exclusion affects growth, we calculated the
relative growth rate (RGR) for each individual using the equation 𝑅𝐺𝑅 = (𝑙𝑛𝐻2 −

𝑙𝑛𝐻1)/(𝑡2 − 𝑡1), where H1 and H2 represent height at the beginning (t1) and end (t2) of

a census interval. Values for all census intervals that an individual was alive were then
averaged to obtain a mean growth rate over the duration of the study. Because

individual plants may allocate different amounts of energy to new leaf or shoot biomass,
we also substituted leaf number for height in the RGR equation to determine if change in
leaf number differed among species and treatments. Individuals that were too tall for
accurate quantification of height or leaf number, held down by vines or other objects, or
were broken over the duration of the study were excluded from this analysis. As with
differences in damage levels over time, differences in growth were tested using profile
ANOVA, with insecticide treatment the between-subjects factor and species and growth
measurement (change in height or leaf number) the within-subjects factors.
Survival analysis was used to assess differences in survivorship among species
and insecticide treatments using the survival (Therneau and Lumley 2009) and coxme
(Therneau 2011) packages in R (R Development Core Team 2009). Survival was
modeled using mixed effects Cox proportional hazards regression where species identity
and treatment are considered fixed effects and plot is the random effect. Many
individuals were still alive at the conclusion of the study and so were right-censored for
this analysis. Full and reduced models for these data were compared using log21

likelihood ratio tests and Akaike’s Information Criterion (AIC). Kaplan-Meier survivorship
curves were constructed and log-rank (Mantel-Haenszel) tests with a Bonferroni
correction were used for pairwise comparisons of the curves.
Matrix population modeling with the package popbio (Stubben and Milligan 2007)
in R was used to assess differences in population growth rates and to determine how
future population size may be influenced by herbivores. Population parameters for each
species and treatment combination were determined using the procedure outlined in
Caswell (2001) and Morris and Doak (2002) with a pre-breeding census. Tagged
individuals were censused every six months for two years to quantify growth, survival,
and recruitment of seedlings as outlined above. Matrices were developed incorporating
these parameters. We considered individuals that were less than 10 cm tall to be in the
“seedling” stage, 10-150 cm tall to be in the “sapling” stage, and individuals taller than
150 cm to be “adults”. These values were chosen after visually examining regressions
of growth and height over each of the census intervals (Morris and Doak 2002).
Reproduction occurs only in adults, and Eugenia species possess recalcitrant seeds and
thus do not have a seed bank. Fecundity could not be directly quantified in the field
because most adults were not flowering or fruiting during censuses. Therefore,
recruitment was used to estimate reproduction by counting the number of seedlings that
emerged per square meter and dividing by the number of adults per square meter to find
an average number of recruits per adult (Morris and Doak 2002). This method is
analogous to that used in similar studies that model plant populations (Menges 1990,
Van Mantgem and Stephenson 2005). Probability of survival over a census interval was
found using logistic regression of survival against height. The fitted equation from this
regression was then used to calculate survival probability for each individual, and then
averaged over all individuals within each size class (Morris and Doak 2002). When the
logistic regression was not significant, survival probabilities were calculated directly by
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dividing the number of individuals surviving a census interval by the number alive at the
beginning of that interval. Transition probabilities were calculated by dividing the
number of individuals that transitioned to or stayed within a particular size class in the
next census by the number of individuals that were in that size class at the beginning of
that census interval. Backward transitions were allowed when not caused by extraneous
factors such overgrowth or mechanical breakage. Average densities of seedlings,
saplings, and adults/m2 for each species/treatment combination in March 2010
comprised the population vectors used to project the populations.
Stochastic population growth rates under treatment and control conditions were
found for each of the three Eugenia species. Stochasticity was incorporated into the
model by creating a transition matrix for each six-month census interval. For each
species/treatment combination, each summer transition matrix was multiplied by each
winter transition matrix to produce four annual transition matrices. The stochastic
population growth rate was found by computer simulation, with each matrix randomly
drawn over 50,000 iterations to compute the average successive growth rate and its
associated 95% confidence intervals. Tuljapurkar’s second-order approximation of the
stochastic growth rate was also calculated. The population was projected 100 years into
the future using 1000 iterations in order to determine how herbivore exclusion may affect
future population density, assuming an independently and identically distributed
environment. The extinction threshold was set to zero, as E. uniflora has been shown to
be self-compatible with an 18.0% success rate in auto self-pollination (da Silva and
Pinheiro 2009). Because equivalent data are not available for E. axillaris and E. foetida,
this extinction threshold was maintained for all species. Density dependence was
incorporated into the model by setting the carrying capacity of the population at 1
adult/m2 for all species, as this was the minimum distance between adults observed in
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the field. Elasticity matrices for each transition matrix were examined to determine the
relative contribution of each matrix element to population growth.

Results

There was a significant interaction effect of insecticide treatment and census
date for proportion of E. uniflora leaves damaged (F 1,4 = 9.716, P = 0.036), but not for E.
axillaris (F 1,4 = 0.026, P = 0.881) nor E. foetida (F 1,4 = 1.872, P = 0.243), indicating that
the insecticide treatment was effective for the invasive species but not native Eugenia
(Figure 2.1). Significant differences in the amount of total damage sustained by Eugenia
species prior to insecticide application (F 3,3 = 13.407, P = 0.030) were also found (Figure
2.2). E. uniflora experienced more damage than its native congeners with 59.7% ± 5.5%
(mean ± SE) of leaves damaged, but there were no differences in damage among native
Eugenia species. E. axillaris and E. foetida sustained 26.2% ± 5.4% and 30.1% ± 5.9%
of leaves damaged, respectively. Types of foliar damage were categorized by insect
feeding guild to assess differences among Eugenia species (Figure 2.2). Of these,
ectophagous leaf chewers resulted in the most damage to leaves by far, resulting in
26.0%, 27.9%, and 50.8% leaves damaged for E. axillaris, E. foetida, and E. uniflora,
respectively. Most of the damage to E. uniflora leaves was characteristic of Myllocerus
undatus. There was a significant difference in damage by M. undatus sustained for the
three Eugenia species (F 2,10 =8.183, P = 0.008). E. uniflora exhibited more damage than
its co-occurring congeners, with an average of 43.8% ± 7.2% of leaves damaged. E.
axillaris and E. foetida sustained 18.8% ± 7.0% and 13.0% ± 4.2% damage by M.
undatus, respectively. There were no significant differences among the three species for
the amount of damage sustained by all other insect feeding guilds combined
(F 2,10 =3.121, P = 0.088). Of these, endophagous insect herbivores (gallers, miners,
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rollers, and tiers) inflicted little foliar damage for all three Eugenia species. Each
endophagous guild damaged less than 1% of leaves (except for gallers and leaf miners
on E. foetida, which damaged 1.1% and 1.5% of leaves, respectively), and there were
no significant differences among species (F 6,88 = 0.496, P = 0.810). At least some E.
uniflora leaves were damaged by each of the endophagous insect guilds, except for leaf
rollers.
E. uniflora experienced an overall decrease in RGR height under ambient
herbivory levels in the control plots, with its growth rate increasing when herbivores were
excluded for both height and leaf number (Figure 2.3). The results of this analysis
indicate that there was a significant interaction effect of treatment and species on
change in height (F 2,3 = 22.00, P = 0.016). However, there was no corresponding
significant interaction effect for change in leaf number (F 2,3 = 0.499, P = 0.650). The
main effects of insecticide treatment (F 1,4 = 1.344, P = 0.311) and species identity (F 2,3
=2.088, P = 0.270) also did not significantly affect change in leaf number over the course
of this experiment.
Cox proportional hazards regression analysis indicates that both insecticide
treatment and species identity significantly contribute to the survival model (Figure 2.4,
χ2=23.91, df=4, P < 0.001), though the interaction was not significant (χ2=1.96, df=2, P =
0.375). The addition of the random effect of plot did not significantly improve model’s fit
according to the log-likelihood ratio test (χ2=3.358, df=1, P = 0.067), and only improved
the AIC score by 1.36 points (<0.01%). Inclusion of the random effect in the model did
not affect its significance or the rank order of the fixed effects regression coefficients,
indicating that there were no differences between plots at this spatial scale. Pairwise
log-rank comparisons indicate that the survival curves for E. uniflora in control and
insecticide treated plots were significantly different (χ2=6.4, df=1, P=0.012) when
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significance values were adjusted using the Bonferroni correction (critical value 0.013),
indicating that insecticide positively influenced survival probability for E. uniflora.
Population growth was significantly higher in insecticide-treated plots for all three
Eugenia species, with herbivore exclusion resulting in a significant increase in λ over
control conditions (Table 2.1). Under ambient herbivory levels, the lower bound of the
95% confidence interval for E. foetida population growth of does not include 1, indicating
that its growth rate is positive. However, population growth rates for both E. axillaris and
E. uniflora are not significantly different from 1. When each population was projected for
100 years from March 2010, none were found to be in danger of extinction (Figure 2.5)
likely because no adult mortality occurred over the duration of the study, and elasticities
for all populations showed that survival of adults had the greatest influence on
population growth. Under ambient herbivory conditions, the populations of E. axillaris
and E. uniflora are expected to remain relatively stable with little change in population
density within the next 100 years, while that of E. foetida is expected to increase rapidly
(Figure 2.5). Herbivore exclusion had a positive effect on projected population densities
of both E. axillaris and E. uniflora. The projected density of E. axillaris is expected to far
surpass that of E. uniflora, likely as a result of high recruitment rates of E. axillaris
seedlings in 2008 and 2009. On the other hand, E. foetida experienced positive
population growth both under insecticide treated and ambient conditions between 2008
and 2010 and is predicted to quickly reach its hypothetical carrying capacity of 1 adult/m2
regardless of the presence of herbivores. The population density of E. uniflora is
expected to be much lower than that of either of its native congeners in 100 years, even
when herbivores are excluded.
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Discussion

Although E. axillaris and E. foetida are known to support a more diverse insect
herbivore assemblage than their invasive congener (Liu et al. 2006), our study indicates
that E. uniflora sustains significantly more foliar damage than the two native Eugenia
species. This finding contradicts one of the key predictions of the enemy release
hypothesis, which maintains that invasive plants should experience lower levels of
damage from enemies than native competitors. However, our findings are not entirely
surprising. In a common garden experiment, Agrawal and Kotanen (2003) found that
invasive species sustained more damage than their paired native congener or
confamiliar in 11 out of 15 cases. Likewise, in a review and meta-analysis of studies
testing the ERH, Liu and Stiling (2006) found only 9 of 21 studies to be in support of the
prediction of lower herbivore damage to invasive plants versus their native counterparts.
Our results furthermore contradict a study by Liu et al. (2007) that also quantified
damage among Eugenia congeners in south Florida. Although we found similar levels of
total herbivore damage for E. axillaris and E. foetida, Liu et al. found approximately 13%
of E. uniflora leaves were damaged by herbivores, contrasting with our finding of
approximately 60%. This discrepancy may be attributed to the introduced weevil M.
undatus, which caused the majority of damage to E. uniflora leaves in both studies. This
weevil, although native to Sri Lanka, was identified in Florida in 2000 and is now
prevalent Broward County (O’Brien et al. 2006) with an established population at Hugh
Taylor Birch State Park (Bohl Stricker, personal observation). Because of its relatively
recent introduction, the population of M. undatus was likely smaller when the first study
was conducted in 2004 compared to when our study began in 2008. Although little
information currently exists on M. undatus biology, its congeners have been described
as important pests in their native range in India and southeast Asia (Hill 1987) where no
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known native Eugenia species occur. In Florida, M. undatus is a generalist herbivore in
the adult stage, attacking a diverse assemblage of host plants (O’Brien et al. 2006).
This species also attacks roots as larvae, although its larval host range and effects on
plant performance are currently unknown. We did not quantify root damage as this
would have been a destructive procedure and undesirable in demographic modeling of
the population.
M. undatus attacks a significantly greater proportion of E. uniflora leaves than
those of its native congeners when all three species are growing together. This
preference is of particular interest because M. undatus and E. uniflora share no
coevolutionary history. This association contradicts one of the tenets of the ERH,
suggesting that herbivores and/or pathogens should be less likely to attack novel hosts.
Many studies have recognized that invasive plants can accumulate herbivores in a new
range (Chang et al. 2011, Morrison and Hay 2011) and that the impacts of those
herbivores may be enough to prevent successful establishment and spread of invaders
(Elton 1958, Levine et al. 2004). However, the effects of an herbivore novel to both the
community and host plant have not been well documented even though this scenario is
likely quite common. Negative interactions such as exploitation, amensalism, and
competition among evolutionarily naïve non-native species have received little attention
in the literature, with most recent studies focusing on facilitation (e.g. Simberloff and Von
Holle 1999). However, a recent study by La Pierre et al. (2010) demonstrated that the
non-native snail Otala lactea preferred Brassica nigra, a non-native forb with which it cooccurs in its native range in field and laboratory tests. Their study highlights an
exploitative interaction between two invasive species that coevolved and were
unintentionally reunited. The interaction of M. undatus and E. uniflora, however, is an
example of a negative interaction among introduced species that did not coevolve.
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The second prediction of the ERH, which suggests that invasive plant population
growth should be less affected by herbivore exclusion, was also not supported by our
experiment. Not only did E. uniflora experience more herbivore damage compared to its
congeners, this increased damage negatively affected population vital rates and
ultimately decreased population growth. Our findings contradict the results of a similar
herbivore exclusion experiment by Schutzenhofer et al. (2009) that supported the ERH,
indicating that herbivore exclusion increased the population growth rate of native
Lespedeza virginica but had no effect on its invasive congener, L. cuneata. These
conflicting results are likely driven by the presence of M. undatus in our system, with no
counterpart utilizing L. cuneata as a host plant.
Our matrix population models indicate that invertebrate herbivores impact
population dynamics of all three Eugenia species, regardless of origin. Although E.
uniflora is a Category I invasive plant, its population was not increasing over the course
of this study (Table 2.1). In addition, λ for E. uniflora was not significantly different from
that of E. axillaris and was significantly lower than that of E. foetida. The results from
matrix population modeling indicate that only E. foetida had a positive growth rate in the
control plots, likely as a result of relatively high seedling recruitment. Populations of E.
axillaris and E. uniflora were relatively stable over the study period when subject to
natural herbivory levels, as a result of high seedling mortality and 100% adult survival.
Such results are typical for long-lived woody plants (Zuidema et al. 2010). Not one E.
uniflora seedling survived for more than one six-month interval under control conditions,
and it was very difficult to locate new seedlings to replace those that had died during the
course of the study. Data from an ongoing study indicates that seed mortality of E.
uniflora is very high as a result of granivory (Bohl Stricker, unpublished data) and that
seedlings are heavily attacked by herbivores. Although there was no evidence of
population decline on this short time scale, high levels of granivory and herbivory may
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continue to prevent seedling recruitment and eventually cause a decline in E. uniflora
populations in areas with large populations of M. undatus. The spread of M. undatus to
other areas of south Florida may thus indirectly benefit the native competing congeners.
Whether such herbivory can completely eradicate E. uniflora or any other invasive plant
from an area is uncertain. In order for an herbivore to cause extinction, it must consume
a high proportion of individuals, even when the species occurs at very low abundance
(Maron and Vilá 2001). This is unlikely for M. undatus, which does not specialize on E.
uniflora and therefore could switch to other host plants when densities become low.
However, its effects on seedling mortality indicate that M. undatus may have prevented
invasion of E. uniflora into natural areas if they had been co-introduced.
At present, many communities are known to harbor more introduced species
than those that are native (e.g. San Francisco Bay, California) (Johnson et al. 2009),
however, interactions among invasive species have surprisingly received remarkably
little attention in the literature (Preisser and Elkinton 2008, Johnson et al. 2009).
Negative or neutral interactions are often only mentioned when facilitation is not
demonstrated. In a review of studies of interactions among sympatric nonindigenous
species in the American Great Lakes, Ricciardi (2001) showed that approximately 72%
were exploitative (predator-prey or parasite-host interactions), 17% positive (commensal
or mutualistic), and 11% negative (amensalism or competition), underscoring the
prevalence of inhibitive interactions among invasive species. To our knowledge, our
study is the first to show population-level consequences of preferential feeding of an
exotic insect herbivore on an invasive host plant with which it did not coevolve. We hope
that this study will serve to draw more attention to this phenomenon in an effort to further
our understanding of how multiple invasions affect natural community structure as
complete suites of previously non-interacting species continue to accumulate and novel
communities assemble worldwide.
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Figure 2.1: Proportion of leaves damaged for each host plant species in control and
insecticide treated plots during February 2008 (t1) and March 2010 (t2). The asterisk
indicates a significant effect of insecticide on total herbivore damage to E. uniflora
leaves. Error bars represent ± 1 SE.
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Figure 2.2: Amount of foliar damage by M. undatus versus all other types of insect
herbivores sustained by the three Eugenia species. The asterisk indicates a significant
difference between the proportion of leaves damaged by M. undatus compared to
members of all other guilds for E. uniflora. Error bars represent ± 1 SE.
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Figure 2.3: Average relative change in height (RGR H ) (A) and average relative change
in leaf number (RGR L ) (B) for all three Eugenia species per day in control versus
insecticide treated plots from February 2008 to March 2010. RGR is calculated by
subtracting the log-transformed raw height or leaf number value at the beginning and
end of each census interval and averaging over the total number of days an individual
was alive (see Materials and Methods). Error bars represent ± 1 SE.
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Figure 2.4: Kaplan-Meier survival curves for three Eugenia species. Survivorship was calculated over five 6-month censuses under
control conditions (Control) and when herbivores were excluded (Insecticide).
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Figure 2.5: Histograms of 1000 projected population densities (individuals/m2) 100 years
in the future under natural conditions and when herbivores have been excluded for
E.axillaris (A), E. foetida (B) and E. uniflora (C). Vertical lines represent the population
density in March 2010.
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Table 2.1: Stochastic growth rates (λ) of Eugenia populations calculated using
Tuljapukar’s approximation and computer simulation with associated 95% confidence
intervals.

E. axillaris/control

λ (Tuljapukar’s
approximation)
1.000000

λ (simulation) with associated 95%
confidence interval
1.000008 ±0.00347

E. axillaris/insecticide

1.156003

1.15648 ±0.00130

E. foetida/control

1.102994

1.098932 ±0.00763

E. foetida/insecticide

1.325574

1.332286 ±0.00816

E. uniflora/control

1.000000

1.000007 ±0.00025

E. uniflora/insecticide

1.153904

1.1599557 ±0.00274

Species/Treatment
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CHAPTER 3

Seedlings of the introduced invasive shrub Eugenia uniflora (Myrtaceae) outperform
those of its native and introduced non-invasive congeners in Florida 3,4

Synopsis

One particularly compelling explanation for the success of invasive species is the
ability to outperform other species in characteristics affecting fitness. Past studies have
compared native or introduced non-invasive species to their invasive counterparts, while
a system incorporating both native and introduced non-invasive congeners provides an
opportunity for multiple controls. We used such a system of Eugenia congeners in
Florida to compare seedling performance. In order to determine if invasive Eugenia
uniflora seedlings outperform those of its congeners, we sowed seeds in the field and a
common garden and quantified seedling emergence, growth, and survival, as well as
foliar damage by insect herbivores. We obtained similar results in the field and garden
experiments. Although there were no differences in seedling emergence for E. uniflora
seedlings when compared to some of its introduced congeners in certain years,

3

Note: This chapter has been previously published as Bohl Stricker KR, Stiling P (2013)
Seedlings of the introduced invasive shrub Eugenia unifora (Myrtaceae) outperform those of its
st
native and introduced non-invasive congeners in Florida. Biological Invasions, online 1 , DOI:
10.1007/s10530-013-0425-z, © Springer Science and Business Media and is reproduced here
with kind permission from the publisher.
4

Note: See Appendix B for license agreement from Springer Science and Business
Media regarding reuse.
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emergence of E. uniflora seedlings was consistently high across years. However,
emergence, growth, and survival rates of native species were consistently low. In
addition, E. uniflora outperformed its introduced and native congeners in growth and
survival traits in most comparisons, even when sustaining higher levels of herbivore
damage by an introduced weevil, Myllocerus undatus Marshall. Our results support our
predictions, indicating that invasive E. uniflora may possess a competitive advantage
because its seedlings perform better than or equivalently to its congeners in all of the
attributes quantified. Our study further suggests that measurements of such traits may
be useful in determining the likelihood of invasion by newly introduced woody plant
species.

Introduction

Invasion of natural systems by introduced species poses a significant threat to
native biodiversity and ecosystem services. While the vast majority of plant species
introduced into a new range never successfully establish outside of cultivation, a
relatively small proportion become noxious invaders. Why some species successfully
establish and spread in a new range while others do not remains unresolved, but
identification of key factors leading to invasion success may assist in predicting those
likely to do so (van Kleunen et al. 2010).
The ability to opportunistically capture resources appears to be a particularly
important factor in successful invasion by plants (Grotkopp and Rejmánek 2007),
however, the mechanism for this competitive advantage is unclear. Although superior
competitive ability of a potential invader may be conferred by various attributes over the
course of the invasion process (i.e. lack of natural enemies in the new range), functional
traits that facilitate competition for limiting resources are likely to be of particular
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importance during the establishment phase (Vilà and Weiner 2004). The outcome of
competitive interactions between species can be predicted by plant performance
attributes in some cases. For example, plant size has been shown by a number of
studies to influence competitive ability (Cahill et al. 2008). A non-native plant may
possess a pre-adapted advantage in the new range as a result of its particular
evolutionary history, allowing it to outperform native plants in terms of superior seedling
emergence, growth, or survival rates (Lonsdale 1999; Vilà and Weiner 2004). Although
identification of traits that promote invasiveness has often been noted as critical to our
understanding of the process of invasion, (e.g. van Kleunen et al. 2010), it remains
unclear which of these traits directly influence invasion success.
Reviews of pair-wise experiments testing competitive ability of native and
invasive species (Vilà and Weiner 2004) and of multispecies comparisons of plant traits
(Pyšek and Richardson 2007) indicate that invasive species often outperform native or
introduced non-invasive species (but see Daehler 2003). Some studies that have
investigated performance characteristics of invasive species have emphasized the
importance of reproductive traits, as these may contribute significantly to initial
establishment in the new range (Perglova et al. 2009). Indeed, germination and relative
growth rate of seedlings are important factors leading to invasion in some taxa (Perglova
et al. 2009). At later life stages, additional characteristics have been found to correlate
with ability to invade. For example, Grotkopp and Rejmánek (2007) found, in a study of
interfamilial contrasts among 14 pairs of woody plant species of variable invasiveness
status, that high relative growth rate and specific leaf area are indicators of invasive
characteristics. Both of these traits influence competitive ability, allowing plants to obtain
resources quickly in comparison to those that grow more slowly. Although some trends
have emerged, few studies have empirically compared such traits under identical
growing conditions (Goodwin et al. 1999; Reichard and Hamilton 1997; van Kleunen et
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al. 2010). Of those that have used an experimental approach, even fewer have
incorporated a field experiment in order to investigate how introduced invasive,
introduced non-invasive, and native species perform under natural field conditions.
Studies comparing invasive species to those that are native answer different
questions than those comparing invasive species to those that are introduced but noninvasive (Hamilton et al. 2005; van Kleunen et al. 2010). Comparisons of performance
of invasive and native species identify traits allowing invasive species to increase in
abundance over native species, thereby addressing characteristics of the recipient range
that may make it vulnerable to invasion. On the other hand, comparisons of introduced
invasive and non-invasive species address characteristics that promote invasion
success, identifying traits that allow certain non-native species to successfully establish
and spread in the new range. Studies that compare performance of native versus
invasive congeners or confamiliars are more common than introduced invasive versus
introduced non-invasive congener comparisons in the literature (van Kleunen et al.
2010), and studies combining both types are rare ( Pyšek et al. 1995; Lake and
Leishman 2004; Sutherland 2004). Of those studies that do compare introduced species
of differing invasion status, most are non-experimental and instead compare attributes
compiled in databases. Such studies therefore may confound biological traits with
different environmental conditions. A meta-analysis by van Kleunen et al. (2010)
showed that a vast majority of experimental studies addressing performance traits for
invasive plants (111 out of 117) used native species for comparison, while only 6
compared invasive and non-invasive introduced species. This low number emphasizes
the need for additional experimental studies that compare traits of native, introduced
invasive, and introduced non-invasive species. The importance of including non-invasive
introduced species with native and introduced invasive species in the study of invasion
ecology has been emphasized by several authors (Colautti et al. 2004; Levine et al.
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2004; Liu and Stiling 2006). Although rarely undertaken, multi-way comparisons of plant
performance using such systems can provide particularly insightful information on the
validity of various hypotheses explaining invasion success.
A possible explanation for the paucity of studies that incorporate both native and
introduced non-invasive species into a test of plant performance may be that few plant
systems exist in which congeneric native, introduced invasive, and introduced noninvasive species co-occur in the same region (Pyšek and Richardson 2007). Such a
novel experimental system of Eugenia congeners exists in south Florida that can be
used to test hypotheses as they relate to the success of invasive plants. This study
system includes species that differ in origin and invasion status among introduced
species, providing an opportunity for multiple controls. In addition, the use of closely
related species minimizes confounding by life history characteristics that can differ
among species that are phylogenetically more distant, as comparisons between traits of
non-invasive and invasive plants have shown to be dependent on whether the study
controls for relatedness (van Kleunen et al. 2010). Utilization of genera with a large
number of taxa of various origins and invasion status may allow for better generalization
of traits leading to invasiveness while controlling for phylogenetic variables (Pyšek and
Richardson 2007). We used this system of Eugenia congeners (family Myrtaceae) in
Florida with similar life histories and growth forms to test differences in performance both
in the field and in a common garden experiment. Our system consists of two common
native, three introduced non-invasive, and one introduced invasive species.
Furthermore, as pointed out by Daehler (2003), it is possible that differences in
experiment location and conditions may affect comparisons between plant traits, leading
to our choice of using both a common garden and field experiment to determine if the
results are context-dependent.
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Assuming that outperformance of native and introduced non-invasive species
leads to invasion success, we predicted that seedlings of the invasive introduced
congener, Eugenia uniflora, would experience increased performance compared to its
congeners in at least one of the attributes quantified, and that none of its congeners
would outperform E. uniflora for any attribute. Assuming that E. uniflora is indeed a
superior competitor compared to its native and non-native congeners, we also predicted
that results would be consistent regardless of where the experiment was performed.

Materials and Methods

Study System

Approximately 85% of the woody plant species that have become naturalized in
North America were introduced for horticulture, landscaping, or ornamental purposes
(Grotkopp and Rejmánek 2007; Reichard and Hamilton 1997), and the climate of
subtropical south Florida is particularly suitable for many such species. Eugenia uniflora
L. (Surinam cherry), E. aggregata Kiaersk (cherry of the Rio Grande), E. brasiliensis
Lam. (grumichama), and E. luschnathiana Klotzsch (pitomba), all native to Brazil, were
introduced to south Florida for use as ornamental and home garden fruit trees by the
United States Department of Agriculture in the early 20th century (Morton 1987, Gordon
and Thomas 1997). Some individuals that were planted by the USDA can still be found
today at Plantation Heritage Park in Broward County, Florida. All are small trees that
bear aromatic foliage and vertebrate-dispersed fleshy fruits.
Since its introduction to Florida, E. uniflora has escaped cultivation, invading
hammocks (evergreen broad-leaved forests) and growing in some areas alongside two
native congeners, E. axillaris (SW.) Willd. and E. foetida Pers. It is currently classified as
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a Category I exotic invasive pest by the Florida Exotic Pest Plant Council (2011). E.
uniflora is found throughout south Florida, naturalized in eleven distinct natural habitat
types within eight counties (Gann et al. 2007). However, although the other three
introduced Eugenia species remain in cultivation in many public and private gardens and
nurseries throughout Florida, volunteers have not yet been reported outside of
cultivation.

In fact, only E. uniflora volunteers are found in a parcel of natural hammock

habitat adjacent to the cultivated specimens at Plantation Heritage Park (K. Bohl
Stricker, pers. obs.). Of the six Eugenia species used in this study, only E. uniflora is
considered to be invasive anywhere in the world. This species has a native distribution
throughout South America, but invasive populations exist throughout Florida, Hawaii,
Australia, the Caribbean, and various islands in the South Pacific (Global Invasive
Species Database 2006).
The two native Eugenia species considered in this study are Eugenia axillaris
(white stopper) and E. foetida (Spanish stopper). Both are native to south Florida and
throughout the Caribbean (Howard 1989) and are not known to be invasive in any other
range (Gilman 2011a, 2011b). They are often used for hedge material in south Florida
and are very common in hardwood hammocks and sandy coastal areas, co-occurring in
high densities. Like their Brazilian congeners, the native Eugenia are small trees that
develop fleshy, vertebrate-dispersed fruit. However, the fruits of the native species are
smaller and are produced in late fall and winter, while the Brazilian species typically fruit
in late spring and early summer.
For clarity during analysis, these species were classified and coded according to
origin and invasion status. Eugenia uniflora is invasive in south Florida and is coded
INV. E. aggregata, E. brasiliensis, and E. luschnathiana are introduced and noninvasive (coded INI). E. axillaris and E. foetida are native to south Florida hammocks
and are coded NAT.
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Common Garden Experiment

Ripe fruits of the four introduced Brazilian Eugenia species were collected by
hand each year from 2007 to 2010 from reproductive adults located at the University of
Florida Tropical Research and Education Center, Fruit and Spice Park, Fairchild Tropical
Botanic Garden, and Plantation Heritage Park in Miami-Dade and Broward Counties,
Florida. Fruits of E. uniflora (INV) were also collected at Hugh Taylor Birch State Park.
These introduced Brazilian species produce mature fruit between late April and early
July. E. aggregata (INI) fruit were unavailable in 2009, and therefore were not included
in the common garden experiment that year. Fruits of native species were collected in
2008 and 2009 at Montgomery Botanical Center, Fairchild Tropical Botanic Garden, and
Hugh Taylor Birch State Park, also located in Miami-Dade and Broward Counties,
Florida. Mature fruits were available for these two species between December and
February.
Although little is known about the seed germination traits of Eugenia species in
the field, seeds of many species are recalcitrant (Masetto et al. 2008), meaning that they
are sensitive to desiccation, and most experience no dormancy period (Baskin and
Baskin 1998). For example, the seeds of Eugenia dysenterica have been shown to
decrease significantly in viability with desiccation and after a storage period of 100 days
(Andrade et al. 2003). In light of these seed characteristics and differences in fruiting
phenologies among Eugenia species, seeds of the native and Brazilian species were not
sown concurrently. Sowing instead commenced after seeds of all species of either
origin had been collected. Because some variation in fruiting and collection times
occurred, seeds of the introduced Brazilian species were sown between late May and
early August, depending on year, and seeds of the native species were sown in
February and March. This protocol follows the natural seed dispersal events for these
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species, allowing assessment of seedling performance attributes according to their
phenologies.
Within one week prior to sowing, fruit flesh was removed from the seeds by hand
so that they could be inspected visually for infestation by granivorous insects. Seeds
were then soaked overnight in deionized water in preparation for planting (Baskin and
Baskin 1998), and those that floated were further inspected for weevil larvae or other
damage. Seeds that appeared to be viable were sown in 72-celled germination trays in
a common garden at the University of South Florida Botanical Gardens in Tampa,
Florida. We used between 19 and 28 trays in each sowing event, except in 2009 for the
introduced Brazilian species, when only enough seeds to fill six trays were collected.
One seed was sown per cell, and the seeds of different Eugenia species were randomly
distributed throughout each tray. Seedling trays were randomly distributed within the
garden where they could receive approximately 50/50 shade and sun each day.
The trays were monitored approximately weekly after each sowing event to
quantify seedling emergence until no new seedlings appeared. The trays then continued
to be monitored for up to two years, and stem height and leaf number were assessed
during each census. In 2007, no supplemental water was provided to the seeds and
seedlings of the introduced Brazilian species, and they all eventually dried and perished
during the drier months in the fall. As a result, seedling emergence, but not growth, was
analyzed in 2007. In subsequent years, seeds and seedlings were watered
approximately twice weekly to maintain adequate soil moisture. Although seeds of
native and Brazilian species were sown at different times of the year, seedlings of all
species emerged in the fall between August and September. Seedlings of both native
and Brazilian species sown in 2008 were monitored until mid-December of that year.
Both Brazilian and native seedlings that had been sown in 2009 were monitored until
March 2010 (hereafter, 2009a), but we continued to census the Brazilian species until
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October 2011 (hereafter, 2009b), approximately two years after seedling emergence. In
2010, only Brazilian seeds were sown, and the seedlings that emerged were censused
until October 2011, approximately one year after emergence.

Field Experiment

We also conducted a field experiment to test Eugenia seedling performance
under conditions where native and invasive Eugenia seedlings are known to recruit.
Experimental setup began in July 2008 at Plantation Heritage Park in Broward County,
FL. This park contains a remnant of subtropical hardwood hammock where E. axillaris
(NAT) and E. foetida (NAT) and E. uniflora (INV) co-occur. Hardwood hammocks are
evergreen, broad-leaved forests composed predominantly of trees common to the
Bahamas and Greater Antilles (Myers and Ewel 1990). They have sandy soil and
occupy elevated limestone outcroppings that are rarely inundated. Canopies are
primarily composed of Bursera simaruba (gumbo-limbo), Coccoloba uvifera (sea grape),
and Sabal palmetto (sabal palmetto). E. axillaris, E. foetida, and, occasionally, E.
uniflora, are common members of the understory. In addition, cultivated specimens of E.
aggregata (INI) and E. luschnathiana (INI) can be found growing adjacent to the
hammock remnant, indicating that this site provides conditions suitable for the growth
and survival of native, introduced non-invasive, and introduced invasive Eugenia
species.
Performance of Eugenia seedlings was tested by observing responses of
Eugenia seedlings in the presence of established subtropical hammock vegetation.
Within the hammock, 6 overstory Bursera simaruba, 4 Coccoloba uvifera, 3 Sabal
palmetto, 3 Eugenia axillaris, and 4 E. foetida were located and tagged with unique
numbers to serve as the centers of 20 circular experimental plots. These numbers are
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unbalanced because we were limited by the number of individuals of each tree species
that naturally occurred in the hammock. Seeds were prepared for sowing in the same
manner as those in the common garden experiment using seeds collected during the
2008-2009 collection season. In July 2008, four seeds each of the Brazilian species
(Eugenia aggregata (INI), E. brasiliensis (INI), E. luschnathiana (INI), and E. uniflora
(INV)) were sown one meter from the trunks of the overstory trees and 27 cm from one
another so that they were equidistant from the associated overstory tree and adjacent
seeds, for a total of 80 seeds per Eugenia species. Seed placement was randomized
around each overstory tree. Because native and Brazilian Eugenia seeds were not
available concurrently, two sowing events took place. Places were left empty for seeds
of the three native species (E. axillaris and E. foetida) which were sown in February
2009. Seedlings were visited one month following initial sowing to monitor seedling
emergence, and then were censused several times a year until May 2010. One year
separated the last two censuses, with the last taking place in May 2011. Seedlings that
emerged were tagged with unique numbers so that they could be identified at
subsequent censuses. During each census, newly emerged seedlings, survival, height,
leaf number, number of leaves damaged by insect herbivores, and type of foliar
herbivore damage were quantified.

Statistical Analysis- Common Garden Experiment

All statistical analyses were conducted in R 2.14.2 (R Development Core Team
2012). Because seeds of each species were not always available, differences in
seedling emergence, stem height, and leaf number among Eugenia species were
analyzed separately for each year. In all analyses, the unit of replication for analysis
was the germination tray. The proportion of seedlings that emerged per tray did not
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adhere to the normality assumption for ANOVA and species were correlated within a
particular tray, so these data were analyzed using a generalized linear mixed model with
a binomial distribution and logit link function where Eugenia species was the fixed effect
and the tray ID was the random effect. Model simplification and log likelihood ratio tests
were used to determine which effects significantly contributed for the model fit using the
lme4 package in R. Overdispersion (additional unexplained variation outside of that
expected by the binomial distribution) was detected for seedling emergence data in all
years except for 2009, so an additional observation-level random effect was
incorporated into the models for those years (Warton and Hui 2011). Multiple
comparisons of model parameters using Tukey contrasts were accomplished using the
multcomp package (Hothorn et al. 2008).
Height and leaf number data were analyzed in the years 2008-2010, again using
the germination tray as the unit of replication. Measurements for all seedlings of a
particular Eugenia species in a tray were averaged prior to analysis, and were logtransformed when necessary to improve homoscedasticity. In 2008, height and leaf
number in December of that year were analyzed using a generalized linear model with a
Gaussian distribution where seedling species was the fixed effect and germination tray
was the random effect. Pairwise comparisons were conducted using Tukey contrasts.
This procedure was repeated for height and leaf number data for seeds sown in 2009
and 2010. However, for those seedlings sown in 2009, height and leaf number were
analyzed for both Brazilian and native species in May 2010 (2009a) and a separate
analysis was conducted for the Brazilian species that continued to be monitored until
October 2011(2009b).
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Statistical Analysis –Field Experiment

Seedling emergence data for seeds sown in the field experiment at Plantation
Heritage Park consisted of proportions of seeds out of 4 that emerged beneath each
overstory tree and therefore did not conform to assumptions for ANOVA. Further,
seedlings growing beneath a particular overstory tree were not independent. Because of
these considerations, a generalized linear mixed model with a binomial distribution and
logit link was used to model the effect of seedling and overstory tree species on
emergence using the lme4 package in R (Bates et al. 2011). Eugenia seedling and
overstory tree species were fixed factors and overstory tree ID was identified as the
random factor, to account for correlation among seeds. We used model simplification
techniques and log likelihood ratio tests to determine whether Eugenia species,
overstory tree species, or their interaction affected seedling emergence. Multiple
comparisons using Tukey contrasts were conducted using the multcomp package in R.
Because of differences in the phenologies of native and introduced Eugenia
species, seedlings did not emerge concurrently in the field experiment. We therefore
compared growth over a common time interval beginning in October 2009 after all native
seedlings had emerged. Seedling stem height at this census was considered to be the
initial seedling height. The final stem height measurement was taken for all surviving
seedlings in May 2011. The difference between the final and initial heights was divided
by the initial height to obtain the height increment, and this value was used as the
dependent variable in the model. When more than one seedling of a particular species
sown below a single overstory tree survived for the duration of the experiment, the
heights and leaf numbers of those individuals were averaged prior to analysis.
Because the change in height increment data did not conform to the assumptions
for ANOVA, they were log-transformed prior to analysis. Following transformation, a
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generalized linear model using the Gaussian distribution was used to model the data,
with overstory and seedling species the additive fixed effects and overstory tree the
random effect. A possible interaction effect of the fixed factors could not be tested as a
result of low seedling survivorship. Change in leaf number between October 2009 and
May 2011 was modeled similarly, using the change in leaf number divided by the initial
number of leaves as the response variable. These data were also log-transformed prior
to analysis in order improve homoscedasticity.
The recently introduced non-native weevil Myllocerus undatus Marshall has been
shown to be a particularly important foliar herbivore for the invasive Eugenia uniflora,
causing significant foliar damage and negatively impacting stem height, survival, and
population growth of E. uniflora (Liu et al. 2006; Bohl Stricker and Stiling 2012). This
weevil, although native to Sri Lanka, was first identified in Florida in 2000 and is now
prevalent in Broward County (O’Brien et al. 2006). In order to determine if M. undatus
damage differs among seedlings of Eugenia species, herbivore damage sustained by
surviving Eugenia seedlings in May 2011 was categorized based on the distinctive
notching pattern of M. undatus. The proportion of leaves damaged by M. undatus was
compared to the proportion of leaves damaged by all other insect herbivores using a
generalized linear model with a binomial distribution. When more than one individual of
a particular species survived under an overstory tree in May 2011, all leaves were
pooled for those individuals. Because damage was split into two distinct types, type of
damage was included in the model as a fixed effect.
The effects of Eugenia and overstory species on seedling survivorship at
Plantation Heritage Park were analyzed using the Cox proportional hazards model (Cox
1972). This method analyzes the effect of the predictor variables on the instantaneous
risk of mortality (the hazard), assuming the relative hazards are constant over time. This
assumption was tested using the survival package in R (Therneau and Lumley 2009).
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The coxme package (Therneau 2011) was used to fit the Cox proportional hazards
model to the data, allowing for correlation among seedlings that emerged beneath a
single overstory tree. Because the experiment ended prior to death for many seedlings,
some survival times were right-censored. Pairwise post-hoc comparisons of the
coefficients for fixed effects were tested using Tukey adjusted comparisons.

Results

Common Garden Experiment

Results from the common garden experiment at the University of South Florida
Botanical Gardens indicate that Eugenia species was a significant predictor of seedling
emergence each year (2007, χ2 3 = 24.02, P < 0.001; 2008, χ2 4 = 158.92, P < 0.001;
2009, χ2 4 = 42.94, P < 0.001; 2010, χ2 3 = 11.38, P < 0.01) (Figure 3.1). According to
pairwise post-hoc comparisons, the proportion of E. uniflora (INV) seedlings that
emerged was significantly higher than those of all other species in every year, except for
E. aggregata (INI) in 2008 (P = 0.926) and E. brasiliensis (INI) in 2010 (P = 0.156). In
2008, no E. luschnathiana (INI) seedlings emerged, and in 2009, no E. aggregata (INI)
seeds were available, so these species were not included in the analyses in those years.
Eugenia species was a significant predictor of stem height in every year (2008,
χ2 4 = 97.97, P < 0.001; 2009a, χ2 4 = 50.00, P < 0.001; 2009b, χ2 2 = 26.59, P < 0.001;
2010, χ2 3 = 66.64, P < 0.001) (Figure 3.2). E. uniflora (INV) was significantly taller than
all of its Eugenia congeners at the end of each monitoring period, except for the set of
native and introduced Eugenia congeners sown in 2009 when stem height was
quantified in May 2010 (Figure 3.2, 2009a). Although E. uniflora was significantly taller
than its native congeners in May 2010, there were no significant differences in height
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when E. uniflora was compared to those that are introduced and non-invasive (E.
brasiliensis, P = 0.390; E. luschnathiana, P = 0.935). However, when these seedlings
were censused again in October 2011, E. uniflora (INV) was significantly taller than E.
brasiliensis (INI) and E. luschnathiana (INI) (Figure 3.2, 2009b).
Seedling species was a significant predictor of leaf number only in 2008 (χ2 4 =
39.53, P < 0.001) and for the Brazilian species sown in 2009 and monitored until
October 2011 (2009b) (χ2 2 = 8.80, P = 0.012) (Figure 3.3). Eugenia uniflora had
significantly more leaves than all of its congeners in December 2008, except when
compared to E. aggregata (INI) (P = 0.236) (Figure 3.3, 2008). For the comparison of
Brazilian congeners sown in 2009 and quantified in October 2011, E. uniflora had
significantly more leaves than E. brasiliensis (INI), but there was no difference in leaf
number when compared to E. luschnathiana (INI) (Figure 3.3, 2009b). Seedling species
did not significantly affect ending leaf number for the native and Brazilian species sown
in 2009 when leaf number was quantified in May 2010 (χ2 4 = 4.79, P = 0.309) nor for the
Brazilian species sown in 2010 (χ2 3 = 3.84, P = 0.280).

Field Experiment

Of the 80 seeds of each Eugenia species sown at Plantation Heritage Park, 53 E.
aggregata (INI) seedlings emerged, followed by 49 E. uniflora (INV), 28 E. axillaris
(NAT), 20 E. foetida (NAT), 4 E. luschnathiana (INI), and 0 E. brasiliensis (INI). Seed
species was found to significantly affect seedling emergence (χ2 4 = 104.13, P < 0.001);
however, there was no effect of adjacent overstory species on seedling emergence (χ2 4
= 7.29, P = 0.121), and there was no interaction between seed and overstory species
(χ2 16 = 20.68, P = 0.191) (Figure 3.4). Not one E. brasiliensis (INI) seedling emerged.
Emergence probability was significantly higher for E. uniflora (INV) compared to the two
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native species and E. luschnathiana (INI) (P < 0.01). However, there was no significant
difference in seedling emergence for E. uniflora (INV) and E. aggregata (INI) (P = 0.955),
nor was there a difference in seedling emergence among the native species (P = 0.587).
When emergence at Plantation Heritage Park and the common garden were
compared for the same year, we detected a significant interaction between species and
location (χ2 5 = 32.28, P < 0.001), indicating that emergence patterns differed between the
common garden and field experiments (Figures 3.1 and 3.4). This discrepancy is driven
by the native species, which performed better in the field than in the garden. This
indicates that native species may be somewhat sensitive to conditions outside of their
native habitat. There was no such effect of location detected for Brazilian seedling
emergence.
Seedling species was found to significantly affect the change in height increment
from October 2009 to May 2011 (χ2 3 = 15.58, P = 0.001), but there was no effect of
adjacent overstory species (χ2 4 = 3.08, P = 0.545) (Figure 3.5). Tukey contrasts indicate
that E. uniflora (INV) grew more than all other species over this time interval (P <0.05,
all). Because no E. brasiliensis (INI) seedlings emerged and no E. luschnathiana (INI)
seedlings survived until the end of the experiment, heights for these species could not
be included in the analysis.
The results for leaf number were similar to those obtained with the height data.
Overstory species did not significantly affect proportional change in leaf number (χ2 4 =
6.79, P = 0.147), but seedling species had a significant effect (χ2 3 = 8.42, P = 0.038)
(Figure 3.6). Significant differences were found only for E. uniflora (INV) and E.
aggregata (INI) (P < 0.01). E. uniflora experienced an increase in leaf number over the
time interval between October 2009 and May 2011, while E. aggregata lost leaves.
There was a significant interaction found between type of foliar herbivore
damage and seedling species in May 2011 (χ2 3 = 14.29, P < 0.01) (Figure 3.7), and
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again there was no significant effect of overstory species on herbivore damage (χ2 4 =
2.68, P=0.612). Although some individuals of E. aggregata (INI) experienced some
damage by Myllocerus undatus, E. uniflora (INV) sustained the most damage by this
introduced weevil. None of the native species sustained any herbivore damage by M.
undatus. E. uniflora (INV) also sustained more damage by all other insect herbivores
than all other Eugenia species.
Survival analysis indicated that there was no significant effect of the overstory
species on seedling survival (χ2 4 = 1.13, P=0.889), but seedling species had a significant
effect (χ2 4 = 21.99, P<0.001) (Figure 3.8). Mortality of E. uniflora (INV) seedlings was
significantly lower than that of E. foetida (NAT), E. aggregata (INI), and E. luschnathiana
(INI) (P < 0.05) but not for E. axillaris (NAT) (P = 0.592). Mortality for E. luschnathiana
(INI) was significantly higher than all other species (P < 0.05). This is likely because
only three E. luschnathiana individuals emerged, none of which survived more than one
census interval.

Discussion

Our results indicate that seedlings of the invasive shrub, Eugenia uniflora,
perform better than, or as well as, its native and introduced non-invasive congeners in
terms of emergence, growth, and survival. In fact, E. uniflora responded better than
expected, outperforming the other Eugenia species in most comparisons. Our results
further indicate that the inability for the native and introduced non-invasive congeners to
outperform E. uniflora is maintained across years and experimental conditions. Not only
were the patterns similar in the common garden and field experiments, we detected no
significant effect of overstory tree species on performance in the field experiment.
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Seedlings of the introduced non-invasive Eugenia species performed similarly to
E. uniflora (INV) in some cases, however, this pattern was highly variable. For example,
the similarity in seedling emergence for E. uniflora and E. aggregata (INI) occurred only
in the year 2008, as the proportion of E. uniflora seedlings emerging was consistently
high while that of E. aggregata was significantly lower in all other years (Figure 3.1).
Likewise, emergence of E. brasiliensis (INI) seedlings was similar to that observed for E.
uniflora in 2010, but was significantly lower in 2007-2009. In regard to stem height, E.
uniflora was significantly taller than its introduced non-invasive congeners in the
common garden experiment in all years except when quantified in May 2010 (Figure 3.2,
2009a). E. uniflora also grew relatively taller (Figure 3.5) and experienced lower
mortality than E. aggregata (Figure 3.8) in the field experiment. Growth could not be
quantified for the other non-invasive congeners as a result of low emergence and
survival. Leaf number may be less important in conferring invasion success for E.
uniflora, as it was less likely to outperform its congeners for this attribute (Figure 3.3).
These results indicate that the inability of the introduced non-invasive Eugenia species
to consistently perform as well as E. uniflora may limit their ability to invade natural
communities in Florida.
Native Eugenia emergence, stem height, and leaf number were consistently
lower than for E. uniflora in the common garden experiment (except for leaf number in
2009), however, outperformance of natives by E. uniflora was somewhat less
pronounced in the field. There were no significant differences in proportional change in
leaf number for E. uniflora and the two native congeners in the field experiment, and
there was no significant difference between survival for E. uniflora and E. axillaris (NAT).
However, while seedling emergence of native species was higher in the field compared
to the common garden, emergence was still significantly lower than that of E. uniflora
(INV) and E. aggregata (INI). In addition, change in stem height increment was also
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significantly higher for E. uniflora compared to the two native species. These results
indicate that E. uniflora seedlings may possess a competitive advantage over native
seedlings through outperformance in seedling emergence and stem height. This
advantage may facilitate successful invasion by E. uniflora in areas where the native
species occur.
A similar approach to our own was used by Perglova et al. (2009) with four
herbaceous Impatiens congeners, three of which are invasive to the Czech Republic or
surrounding countries, and one that is native. The results from their study indicated that
there were no significant differences in emergence among the invasive species.
However, they found seedling emergence for all of the invasive Impatiens species to be
significantly higher than that of the native species. These results complement our own,
as we also found emergence of native species to be lower than that of the invasive
Eugenia uniflora. However, our results differ from in regard to growth. They found no
significant differences in relative growth rate among native and introduced congeners,
while we found that stem height was consistently higher for E. uniflora compared to its
introduced non-invasive and native congeners. This discrepancy may arise because
Perglova et al. assessed relative growth rate after only 21 days, which may not provide
sufficient time for differences in growth to become apparent. In addition, relative growth
rate is calculated using dry mass. Considering that we found no distinct patterns in
differences among native and invasive Eugenia congeners with respect to leaf number in
the field experiment (Figure 3.6) and in the common garden experiment when seeds
sown in 2009 were analyzed (Figure 3.3, 2009a), our conclusions may have been
different had we examined biomass as a predictor of invasiveness. However, stem
height may be a better indicator of the competitive abilities of woody seedlings in
hammock communities, as taller plants may have a competitive edge in gaining access
to limited light resources.
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A number of other studies have indicated that performance attributes such as
plant height, growth rate, germination rate, and leaf characteristics such as specific leaf
area are often correlated with invasiveness when noxious invaders are compared to
native or non-invasive alien species (Pyšek and Richardson 2007). A recent metaanalysis by van Kleunen et al. (2010) showed that invasive species possess enhanced
plant performance traits, whether in regard to physiology, growth rate, height, and fitness
characteristics such as germination, when compared to confamilials. Their results were
also significant whether the invasive species was compared to native or non-invasive
introduced species for fitness measurements and plant size, but not plant growth for
invasive versus non-invasive introduced plants. However, some recent reviews and
meta-analyses of plant traits of invasive versus non-invasive introduced and native
species found higher growth rate for invasive species (van Kleunen et al. 2010),
although a similar study by Daehler (2003) found no such relationship. This discrepancy
may be driven by the fact that the Daehler (2003) study did not use meta-analytical
techniques, and therefore may have had lower power to detect an effect. The differences
in conclusions among these studies, as well as our own, may be a result of the different
techniques used to detect differences in plant performance attributes. For example, few
studies have analyzed these attributes experimentally and instead often rely on
information compiled in databases (Reichard and Hamilton 1997; van Kleunen et al.
2010). Of those that have, different results may be a result of lack of consideration of
the invasion status of a particular plant species in another range, or may be a result of
differences in the importance of certain traits for different taxa.
Surprisingly, seedlings of E. uniflora outperformed those of most of the other
Eugenia species even when subject to higher levels of foliar herbivore damage in the
field experiment portion of the study. Furthermore, the recently introduced weevil,
Myllocerus undatus, attacked E. uniflora to a much greater extent than the other Eugenia
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species in this experiment. These results contradict the enemy release hypothesis,
which suggests that invasive plant species succeed because their herbivore load is
reduced in the new range (Keane and Crawley 2002). Although information from the
limited number of studies on herbivory for Eugenia species in south Florida indicate that
native species sustain higher levels of herbivore damage than introduced species (Liu et
al. 2006), the results from our field experiment contradict this finding. We were unable
link release from foliar herbivores to superior performance of E. uniflora seedlings, but
this does not rule out the possibility that reduced pressure from other enemies
contributes to its ability to invade. For example, seed predators and fungal pathogens
may also play an important role in seed mortality, thereby potentially influencing invasion
success (Dostal 2010).
It is possible that Eugenia uniflora has pre-adapted competitive advantages it
possessed prior to introduction. Ability to flourish under a variety of environmental
conditions may have contributed to its widespread native range through much of South
America, while the native ranges for all of the other Eugenia species are much more
limited (Staples and Herbst 2005). Indeed, native range size has often been cited as an
important predictor of which species may invade natural areas (Goodwin et al. 1999;
Pemberton and Liu 2009; Pyšek et al. 2009). The more extensive native range of E.
uniflora may be a result of its ability to tolerate a wide range of environmental conditions,
growing in a broad range of soil types with low salinity, including sand, hard clay, and
soft limestone, and its tolerance for flooding and drought for extended periods of time
(Staples and Herbst 2005). E. uniflora is also relatively cold hardy, able to withstand
temperatures to -5.5º C (Morton 1987; Phillips 1994). The other Brazilian species have
much smaller native ranges and more specific requirements for growth. E. brasiliensis is
native only to Paraguay and coastal regions in southern Brazil and is less hardy than E.
uniflora, only surviving temperatures no lower than -3º C (Morton 1987; Phillips 1994).
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Eugenia luschnathiana is native only to the state of Bahia, Brazil, and has similar cold
tolerance to E. brasiliensis, to-3º C (Phillips 1994). Plant species that are better
competitors may be introduced more often than others (Colautti et al. 2006), which may
also contribute to increased propagule pressure (Rejmánek 2000; Pemberton and Liu
2009; Simberloff 2009). Likely because of its vigorous and rapid growth, E. uniflora is a
common hedge plant in south Florida and has been sold much more widely than the
other three introduced Eugenia species (Phillips 1994). Much more work is necessary to
determine if other factors outside of high seedling emergence, growth, and survival
contribute to the success of E. uniflora.
In conclusion, our results support our predictions, indicating that invasive
Eugenia uniflora may possess a competitive advantage over its introduced non-invasive
and native congeners through higher or equivalent seedling emergence, growth, and
survival. Because native and introduced non-invasive species did not outperform E.
uniflora in any of the traits examined in this study, and none of them are invasive
elsewhere, it is likely that the seedling performance traits of E. uniflora contribute to its
success as an invader. Our study further suggests that increased seedling performance
over other species may contribute significantly to invasion success and that
measurements of such traits may be useful in determining the likelihood of invasion by
newly introduced woody plant species.
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Figure 3.1: Proportion of Eugenia seedlings that emerged in the common garden
experiment at the University of South Florida Botanical Gardens for each Eugenia
species in each collection year. Boxes represent interquartile ranges, bold lines indicate
medians, whiskers represent fences, and points represent outliers. Species are
represented by the abbreviations of species names where Ag = E. aggregata, Ax = E.
axillaris, B = E. brasiliensis, F = E. foetida, L = E. luschnathiana, and U = E. uniflora.
Codes in parentheses indicate the invasion status for each species. INV = invasive, INI
= introduced non-invasive, NAT = native. Seeds of the native species E. axillaris and E.
foetida were not sown in 2007 and 2010, and seeds of E. aggregata (INI) were not
available in 2009.
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Figure 3.2: Eugenia seedling stem heights at the University of South Florida Botanical
Gardens in each year. Year 2008 refers to the stem height in December 2008 for native
and Brazilian Eugenia species sown that year. 2009a refers to stem height in May 2010
of native and Brazilian Eugenia species that were sown in 2009. 2009b refers to stem
height in October 2011 for Brazilian Eugenia species sown in 2009. 2010 refers to stem
height in October 2011 of Brazilian Eugenia species sown in 2010. Bars represent
means (± SE). Species are represented by the abbreviations of their species names
where Ag = E. aggregata, Ax = E. axillaris, B = E. brasiliensis, F = E. foetida, L = E.
luschnathiana, and U = E. uniflora. Codes in parentheses indicate the invasion status of
each species. INV = invasive, INI = introduced non-invasive, NAT = native. Unique
letters indicate significant pairwise differences in seedling emergence among species (P
< 0.05).
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Figure 3.3: Average number of leaves for each Eugenia species at the University of
South Florida Botanical Gardens for each Eugenia species in each year. Year 2008
refers to the number of leaves in December 2008 for native and Brazilian Eugenia
species sown that year. 2009a refers to the number of leaves in May 2010 of native and
Brazilian Eugenia species that were sown in 2009. 2009b refers to the number of leaves
in October 2011 for Brazilian Eugenia species sown in 2009. 2010 refers to the number
of leaves in October 2011 of Brazilian Eugenia species sown in 2010. Bars represent
means (± SE). Species are represented by the abbreviations of their species names
where Ag = E. aggregata, Ax = E. axillaris, B = E. brasiliensis, F = E. foetida, L = E.
luschnathiana, and U = E. uniflora. Codes in parentheses indicate the invasion status of
each species. INV = invasive, INI = introduced non-invasive, NAT = native Unique
letters indicate significant pairwise differences in seedling emergence among species (P
< 0.05).
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Figure 3.4: Proportion of seedlings of each Eugenia species that emerged beneath each
overstory tree at Plantation Heritage Park. Because proportions represent the number
of seedlings that emerged out of a total of 4 seeds per overstory tree, possible values
are 0, 0.25, 0.5, 0.75, or 1. Boxes represent interquartile ranges, bold lines indicate
medians, whiskers represent fences, and points represent outliers. Species are
represented by the abbreviations of their species names where Ag = E. aggregata, Ax =
E. axillaris, F = E. foetida, L = E. luschnathiana, and U = E. uniflora. Codes in
parentheses indicate the invasion status of each species. INV = invasive, INI =
introduced non-invasive, NAT = native. Unique letters indicate significant pairwise
differences in seedling emergence among species (P < 0.05).
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Figure 3.5: Change in stem height increment from October 2009 to May 2011 for
Eugenia seedlings at Plantation Heritage Park. Bars represent means (± SE). Species
are represented by the abbreviations of their species names where Ag = E. aggregata,
Ax = E. axillaris, F = E. foetida, and U = E. uniflora. Codes in parentheses indicate the
invasion status of each species. INV = invasive, INI = introduced non-invasive, NAT =
native. Unique letters indicate significant pairwise differences in seedling emergence
among species (P < 0.05).
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Figure 3.6: Proportional change in leaf number from October 2009 to May 2011 for
Eugenia seedlings at Plantation Heritage Park. Bars represent means (± SE). Species
are represented by the abbreviations of their species names where Ag = E. aggregata,
Ax = E. axillaris, F = E. foetida, and U = E. uniflora. Codes in parentheses indicate the
invasion status of each species. INV = invasive, INI = introduced non-invasive, NAT =
native. Unique letters indicate significant pairwise differences in seedling emergence
among species (P < 0.05).
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Figure 3.7: Proportion of leaves of surviving Eugenia seedlings damaged by Myllocerus
undatus versus the proportion of leaves damaged by all other insect herbivores in May
2011. Boxes represent interquartile ranges, bold lines indicate medians, whiskers
represent fences, and points represent outliers. Eugenia species are represented by the
abbreviations of their species names where Ag = E. aggregata, Ax = E. axillaris, F = E.
foetida, and U = E. uniflora. Codes in parentheses indicate the invasion status of each
species. INV = invasive, INI = introduced non-invasive, NAT= native
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Figure 3.8: Kaplan-Meier survival curves for Eugenia seedlings after emergence at
Plantation Heritage Park. Species are represented by the abbreviations of their species
names where Ag = E. aggregata, Ax = E. axillaris, F = E. foetida, and U = E. uniflora. E.
luschnathiana is not included because of low number of replicates. Codes in
parentheses indicate the invasion status of each species. INV = invasive, INI =
introduced non-invasive, NAT = native.
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CHAPTER 4

Release from herbivory does not confer invasion success for Eugenia uniflora in Florida.

Synopsis

One of the most commonly cited hypotheses explaining invasion success is the
enemy release hypothesis (ERH), which maintains that populations are regulated by coevolved natural enemies where they are native but are relieved of this pressure in the
new range. However, whether resident enemies have different effects on sympatric
native and exotic competitors, and if such differences explain invasion success remains
unresolved. We conducted an experiment to test the predictions of the ERH empirically
using a system of native, introduced invasive, and introduced non-invasive Eugenia
congeners in south Florida. Although such experiments have been suggested to be
particularly instructive when testing the predictions of the ERH, they are poorly
represented in the literature. We excluded insect herbivores from seedlings of Eugenia
congeners in the field where the native and invasive Eugenia co-occur, and compared
how herbivore exclusion affected total foliar damage, growth, and survival. We found no
evidence to support the ERH in this system, instead finding that the invasive E. uniflora
sustained significantly more damage than its native and non-invasive congeners.
Interestingly, E. uniflora performed better than or as well as its congeners in terms of
growth and survival, in spite of higher levels of herbivore damage. Further, although
herbivore exclusion positively influenced Eugenia seedling survival, there were few
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differences among species and no patterns in regard to invasion status or origin. We
conclude that the ability of E. uniflora to outperform its native and introduced noninvasive congeners, and not release from enemies, confers its success as an invader in
Florida.

Introduction

The successful establishment and spread of non-native species poses a
significant threat to biodiversity and the ecosystem services provided by native
communities (Vitousek et al. 1997; Mack et al. 2000; Pimentel et al. 2005). While the
vast majority of introduced plant species never establish outside of cultivation, a
relatively small proportion become noxious invaders (Williamson and Fitter 1996). Why
only a small fraction of introduced species are able to bypass environmental filters and
negatively impact native communities remains unresolved, but the ability to predict and
manage invasions hinges on identification of key factors that lead to invasion success
(van Kleunen et al. 2010).
In recent years, a number of hypotheses have been proposed in an effort to
explain why certain introduced species become invasive while others do not. Of these,
one of the most commonly cited is the enemy release hypothesis (ERH), which
maintains that populations are regulated by co-evolved natural enemies (i.e. predators,
herbivores, and parasites) where they are native but are relieved of this pressure in the
new range because their enemies are seldom co- introduced (Elton 1958; Keane and
Crawley 2002). In order for the ERH to fully explain invasion success, not only must
invasive non-native species experience lower levels of enemy pressure than cooccurring native species, this reduced regulation must also have a positive effect on
population growth (Keane and Crawley 2002). In recent years, many studies and
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syntheses testing predictions that follow from the ERH have been published (e.g. Maron
and Vilà 2001; Keane and Crawley 2002; Colautti et al. 2004; Liu and Stiling 2006; Chun
et al. 2010), however, the role of enemy release in regulating exotic plant populations
remains uncertain. Although several studies indicate that invasive plant species often
experience reduced enemy damage in their new versus native range (e.g. Wolfe 2002;
Mitchell and Power 2003; Liu and Stiling 2006), those that compare damage among
sympatric native and exotic competitors have shown less support for the ERH (Agrawal
and Kotanen 2003; Colautti et al. 2004; Cappuccino and Carpenter 2005; Chun et al.
2010). Furthermore, whether observed differences in damage have an impact on plant
performance remains unclear (Vasquez and Meyer 2011). Although many studies have
quantified the differences in enemy damage among native and alien plants, species
differ in their ability to tolerate and resist such damage and it is therefore critical to
quantify its effects on plant performance attributes (Chun et al. 2010). Only a small
number of studies have examined the effects of reduced damage on plant performance
with well-constructed manipulative experiments and of those that have, results have also
been mixed (Colautti et al. 2004; Liu and Stiling 2006; Chun et al. 2010).
The importance of including non-invasive introduced species with native and
introduced invasive species in the study of invasion ecology has been emphasized by
many authors (Colautti et al. 2004; Levine et al. 2004; Liu and Stiling 2006; Chun et al.
2010;). Although rare in the invasion biology literature (Chun et al. 2010), such multiway comparisons provide particularly insightful information regarding the validity of
hypotheses that have been proposed to explain invasion success (Hamilton et al. 2005;
van Kleunen et al. 2010). While studies comparing invasive and native species are
useful in identifying factors allowing invasive species to outcompete those that are
native, studies comparing introduced invasive and non-invasive species identify traits
that determine why most exotic species do not successfully invade (Mack 1996;
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Hamilton et al. 2005; van Kleunen et al. 2010). In addition, the use of closely related
species minimizes confounding by life history characteristics that can differ among
species that are less closely related (Mack 1996; Agrawal and Kotanen 2003; van
Kleunen et al. 2010). However, few studies include both native and introduced noninvasive species into tests of enemy release, likely because few plant systems exist in
which congeneric native, introduced invasive, and introduced non-invasive species cooccur in the same region (Pyšek and Richardson 2007). Such an experimental system
of Eugenia congeners (family Myrtaceae) exists in south Florida, providing an
opportunity to investigate the effects of natural enemies on invasive plant performance in
the field. We used two common native, three introduced non-invasive, and one
introduced invasive Eugenia species with similar life histories and growth forms to
evaluate differences in seedling performance under ambient and reduced herbivory
levels.
The ERH suggests that invasive exotics gain an advantage from enemy release
and should experience a decrease in performance relative to natives when enemies are
excluded. We conducted an experiment excluding insect herbivores in a community
where the native and invasive Eugenia co-occur to test this prediction empirically, as
such experiments are lacking in the literature (Keane and Crawley 2002). In this study,
we focused on the seedling stage, as this life stage is thought to be particularly
influential in the population dynamics of invasive species. Assuming that enemy release
leads to invasion success, we predicted that the invasive E. uniflora would sustain lower
herbivore loads than its native and introduced non-invasive congeners, and that this
reduced pressure from enemies would result in increased performance compared to its
congeners under ambient herbivore levels. Under the tenets of the ERH, we also
predicted that the native species, being most heavily regulated by enemies, would
experience the greatest increase in growth and survival when insecticide was applied,
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while the introduced non-native species would experience intermediate increases in
growth and survival. In contrast, we predicted that E. uniflora would experience no
significant change in performance, as it is predicted to not be regulated by insect
herbivores in its range in south Florida.

Materials and Methods

Study System

Approximately 85% of the woody plant species that have become naturalized in
North America were introduced for horticulture, landscaping, or ornamental purposes
(Reichard and Hamilton 1997; Grotkopp and Rejmánek 2007), and the climate of
subtropical south Florida is particularly suitable for many such species. Eugenia uniflora
L. (Surinam cherry), E. aggregata Kiaersk (cherry of the Rio Grande), E. brasiliensis
Lam. (grumichama), and E. luschnathiana Klotzsch (pitomba), all native to Brazil, were
introduced to south Florida for use as ornamental and home garden fruit trees by the
United States Department of Agriculture in the early 20th century (Morton 1987; Gordon
and Thomas 1997; Langeland and Craddock Burks 1998). All are small trees that bear
aromatic foliage and vertebrate-dispersed fleshy fruits.
Since its introduction, E. uniflora has escaped cultivation, invading hammocks
(evergreen broad-leaved forests) and growing in some areas alongside two native
congeners, E. axillaris (SW.) Willd. (white stopper) and E. foetida Pers. (Spanish
stopper). It is currently classified as a Category I exotic invasive pest by the Florida
Exotic Pest Plant Council (2011). E. uniflora is found throughout south Florida,
naturalized in eleven distinct natural habitat types within eight counties (Gann et al.
2007). Although the other three introduced Eugenia species remain in cultivation in
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many public and private gardens and nurseries throughout Florida, volunteers have not
yet been reported in natural areas. Of the six Eugenia species considered in this study,
only E. uniflora is considered to be invasive anywhere in the world. This species has a
native distribution throughout South America, but invasive populations exist throughout
Florida, Hawaii, Australia, the Caribbean, and various islands in the South Pacific
(Global Invasive Species Database 2006).
The two native Eugenia species included in this study, Eugenia axillaris (white
stopper) and E. foetida (Spanish stopper), are both are native to south Florida and the
Caribbean (Howard 1989) and are not known to be invasive in any other range (Gilman
2011a, 2011b). They are often used as hedge material in south Florida and are very
common in hardwood hammocks and sandy coastal areas, co-occurring in high
densities. Like their Brazilian congeners, native Eugenia are small trees that develop
fleshy, vertebrate-dispersed fruit.
For clarity during analysis, these species were classified and coded according to
origin and invasion status. E. uniflora is introduced and invasive in south Florida
hammocks and is coded INV. E. aggregata, E. brasiliensis, and E. luschnathiana are
introduced and non-invasive and coded INI. Finally, E. axillaris and E. foetida are native
and common in south Florida hammocks and are coded NC.

Field Experiment

Ripe fruits from each of the six Eugenia species were collected from the field in
2009 and 2010 during peak fruiting times for each species. Those species native to
Florida tend to fruit in late fall to early winter, while those native to Brazil tend to fruit in
late spring to early summer. Fruits of the species native to Brazil were collected from
reproductive adults located at the University of Florida Tropical Research and Education
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Center, Fruit and Spice Park, Fairchild Tropical Botanic Garden, and Plantation Heritage
Park in Miami-Dade and Broward Counties, Florida. Fruits of E. uniflora (INV) were also
collected at Hugh Taylor Birch State Park. Those of the native species were collected at
Montgomery Botanical Center, Fairchild Tropical Botanic Garden, and Hugh Taylor Birch
State Park, also located in Miami-Dade and Broward Counties. Following collection, fruit
flesh was removed and seeds were soaked overnight in deionized water in preparation
for planting (Baskin and Baskin 1998). Those that appeared to be viable were sown in
72-celled germination trays in a common garden at the University of South Florida
Botanical Gardens, in Tampa, Florida. Seedling trays were randomly distributed within
the garden where they could receive approximately 50/50 shade and sun each day and
were watered approximately twice weekly until they were transplanted into the field in
September and November 2010. As a result of low emergence rates for E. foetida (NC),
the number of seedlings for this species was supplemented by collecting similarly sized
seedlings growing under adult individuals at Montgomery Botanical Center and Fairchild
Tropical Botanic Garden and growing them alongside seedlings germinated at the USF
Botanical Gardens.
Experimental setup began on 27-Sept-2010 at Hugh Taylor Birch State Park in
Broward County, FL, USA. This location was chosen because E. axillaris (NC), E.
foetida (NC), and E. uniflora (INV) co-occur here in subtropical hardwood hammock
communities, indicating that environmental conditions are conducive for growth and
survival for at least three of the six Eugenia species utilized in this study. Subtropical
hardwood hammocks are evergreen, broad-leaved forests composed predominantly of
trees common to the Bahamas and Greater Antilles (Myers and Ewel 1990) and occupy
limestone outcroppings overlain by sandy soil. Common canopy species include
Bursera simaruba (gumbo-limbo), Coccoloba uvifera (sea grape), Ficus aurea (strangler
fig), E. axillaris, E. foetida, and E. uniflora.
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In order to test performance of Eugenia seedlings in association with established
subtropical hammock vegetation, we selected and tagged with unique numbers 6 adult
Bursera simaruba, Coccoloba uvifera, Sabal palmetto, Eugenia axillaris, E. foetida, and
E. uniflora individuals within the hammock community, for a total of 36 overstory trees.
Two seedlings of each of the six Eugenia species were planted one meter from the trunk
of each overstory tree in random order and 10 cm from adjacent seedlings, for a total of
432 seedlings. Care was taken to choose seedlings with no insect damage and that
were approximately equivalent in size. In order to exclude insect herbivores from the
seedlings, half of the experimental units consisting of one overstory tree and its adjacent
seedlings, were treated with Merit® 75 WP (Bayer Environmental Science 2004) and the
other half were treated with an equal volume of water drench for control. Merit® was
applied as a soil drench as directed on the label to the experimental units at the
beginning of the experiment and again in May and September 2011. The other plots
were treated with an equal volume of water as a control. Merit® is a systemic
imidacloprid insecticide that is approved for use in state, national, and private wooded
areas to control a wide variety of insect species (Bayer Environmental Science 2004)
and has been used to exclude herbivores from various plant species in other ecological
studies (DeWalt et al. 2004; Vasquez and Meyer 2011). There is little evidence to
suggest that imidacloprid affects woody plant ecophysiology outside of its insecticidal
properties (DeWalt et al. 2004; Chiriboga 2009). A common garden experiment testing
possible effects of imidacloprid on Eugenia performance showed no significant
differences in pre-and post-treatment ratios of Eugenia plant size (F 1,90 = 0.828, P =
0.365) nor leaf number (F 1,90 = 2.192, P = 0.142) between plants treated with the
insecticide versus water over a two-month period (Liu, unpublished data).
Transplanted seedlings were monitored on 3-Nov-2010. Seedlings that had died
were replaced on this date. All seedlings were then censused in January, May, and
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September 2011, and April 2012. Stem length, leaf number, number of damaged
leaves, and survival were assessed for each marked seedling during each of these
censuses. Because foliar damage represents a direct loss of photosynthetic tissue,
damage was used to quantify impact of herbivores on Eugenia seedlings.

Statistical Analysis

All statistical analyses were conducted in R 2.14.2 (R Development Core Team
2012). Because seedlings transplanted beneath a particular overstory tree at Hugh
Taylor Birch State Park were not independent, data were analyzed using the procedure
for mixed models outlined in Zuur et al. (2009). Eugenia seedling species, overstory
species, and treatment with insecticide were treated as fixed effects in the model, and
overstory tree ID was identified as the random factor to account for correlation among
seedlings. We used model simplification techniques and log likelihood ratio tests based
on the chi-squared distribution to determine the significance of factors in explaining the
data. Multiple comparisons using Tukey contrasts were conducted using the multcomp
package in R (Hothorn et al. 2008), when appropriate.
The effects of insecticide, Eugenia seedling species, and overstory species on
the proportion of leaves sustaining foliar insect damage were evaluated in January 2011
(approximately four months following transplant) in order to demonstrate the
effectiveness of the insecticide treatment. These data did not conform to the
assumptions for standard ANOVA, so a generalized linear mixed model with a binomial
distribution and logit link was used to model the influence of treatment with insecticide,
seedling, and overstory species on damage using the lme4 package in R. Although we
tested for overdispersion (additional unexplained variation outside of that expected by
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the binomial distribution) in these data (Warton and Hui 2011), it was not detected and
no adjustments for overdispersion were made.
We analyzed seedling growth over the interval between January and September
2011. Change in height increment was calculated by subtracting the initial from the final
stem length of all surviving individuals and dividing by the initial stem length to account
for the effect of initial height on subsequent growth, and this value was used as the
dependent variable in the model. Change in leaf number was modeled similarly, using
the change in leaf number divided by the initial number of leaves as the response
variable. When more than one seedling of a particular species sown below a single
overstory tree survived for the duration of the experiment, the heights and leaf numbers
of those individuals were averaged prior to analysis. We included only species for which
n ≥ 5 remained in each insecticide treatment group in the analyses. Because no E.
aggregata (INI) seedlings survived until September 2011, this species was excluded
from the growth analyses. Additionally, only three E. brasiliensis (INI) individuals
remained alive in the control plots, so this species was also excluded. We began the
analysis by fitting a simple linear model to the data, but as a result of evidence for
heteroscedasticity, we used the generalized least squares method (nlme package in R)
to model both seedling growth metrics (Zuur et al. 2009). This method models different
residual variances for the fixed factors in the model to account for heteroscedasticity.
For survival, only those individuals surviving to the first census after transplanting
were included in the analysis, as those that did not were considered to have succumbed
to transplantation stress rather than biologically relevant processes. The number of
months survived following transplantation was the response variable, and the data were
modeled using the glmmADMB package in R with a gamma distribution for time-to-event
data. Other distributions were also fit to the data, but AIC scores indicated that these
were less appropriate.
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Results

We detected a significant interaction between treatment with insecticide and
seedling species for total foliar insect damage (χ2 = 16.71, df = 5, P <0.01) in January
2011 (Figure 4.1). This result indicates that the insecticide treatment was successful in
reducing the effect of insect damage sustained by Eugenia seedlings, as total foliar
damage was higher for control plants within the first four months following transplanting.
Interestingly, foliar damage sustained by seedlings that were not treated with insecticide
was highest for E. uniflora (INV), and the difference in damage was significantly different
for E. uniflora under ambient herbivory compared to all other Eugenia species and
treatment combinations (P < 0.05). This indicates that the insecticide successfully
reduced the impact of foliar herbivores to E. uniflora seedlings, and that when herbivores
were not excluded from seedlings, E. uniflora sustained more foliar insect damage than
all of its congeners, regardless of origin. The interaction between overstory species and
seedling species (χ2 = 33.17, df = 30, P = 0.315), the interaction between overstory
species and treatment with insecticide (χ2 = 6.86, df =5, P = 0.231), and the main effect
of overstory species (χ2 = 3.38, df = 5, P = 0.641) had no significant effects on foliar
herbivore damage.
As a result of very high mortality among Eugenia aggregata (INI) and E.
brasiliensis (INI) seedlings under ambient herbivore pressure, there were too few
replicates to include these species in the analyses of change in stem height and leaf
number. Log likelihood ratio tests indicate that there was a significant interaction
between Eugenia species and treatment with insecticide for change in height increment
(χ2 = 22.42, df = 3, P < 0.001) (Figure 4.2). However, insecticide had a significantly
positive effect only for E. luschnathiana (INI) (P < 0.001). There was no significant effect
of insecticide for any other Eugenia species. In addition, E. uniflora (INV) grew
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significantly more than E. foetida (NC) and E. luschnathiana (INI) when herbivores were
present, and also grew significantly more than E. axillaris (NC) when insects were
excluded (P < 0.05). No other comparisons involving E. uniflora were significant. No
significant main effect of overstory species was detected (χ2 = 10.07, df = 5, P = 0.073)
and the interaction between overstory species and treatment was also not significant (χ2
= 8.44, df = 5, P = 0.133), indicating that insecticide did not affect stem growth of
seedlings differently depending on the adjacent overstory species.
When the proportional change in leaf number was considered for the same time
interval, there was no significant interaction between seedling species and treatment
with insecticide (χ2 = 3.36, df = 3, P = 0.340) nor a main effect of treatment with
insecticide (χ2 = 2.43, df = 1, P = 0.119), however the effect of seedling species was
significant (χ2 = 18.12, df = 3, P < 0.001) (Figure 4.3). On average, the two native
species (Eugenia axillaris and E. foetida) lost leaves, and the average change in leaf
number was not significantly different among these two species and E. uniflora (INV). In
contrast, the proportional change in leaf number for the introduced non-invasive Eugenia
species (E. luschnathiana) was significantly higher than that for the two native species.
There was no significant difference in change in leaf number for these two species and
E. uniflora (INV). In addition, there was no significant interaction between overstory
species and treatment with insecticide (χ2 = 2.80, df = 5, P = 0.731) and no significant
main effect of overstory species on proportional change in leaf number (χ2 = 9.80, df = 5,
P = 0.081).
Of the seedlings transplanted into the field in September and November 2010,
only 86 seedlings remained alive in April 2012. At the conclusion of the experiment, no
E. aggregata (INI) individuals remained alive, nor any E. brasiliensis (INI) individuals in
control plots. Log likelihood ratio tests indicate that treatment with insecticide had a
significant effect on survival for the Eugenia species (χ2 = 8.38, df = 1, P < 0.005), but
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there was no interaction between treatment with insecticide and seedling species (χ2 =
2.88, df = 5, P = 0.718) (Figure 4.4). There was, however, a significant effect of seedling
species on survival (χ2 = 40.94, df = 5, P < 0.0001). The influence of seedling species
on survival was driven exclusively by significant differences between E. aggregata (INI)
and all other species (P < 0.05, all). No significant effects of overstory species (χ2 =9.50,
df =5, P = 0.090), the interaction between overstory species and treatment (χ2 = 4.08, df
= 5, P = 0.538), nor the interaction between overstory species and Eugenia species (χ2 =
29.38, df = 25, P = 0.248) on seedling survival were detected.

Discussion

The results of this study do not support the enemy release hypothesis in
explaining invasion success by Eugenia uniflora. Contrary to our expectations, E.
uniflora seedlings sustained significantly more foliar herbivore damage than its native
and introduced non-invasive congeners under ambient herbivore pressure. These
results are supported by a previous study comparing foliar damage among naturally
occurring individuals of the invasive and native Eugenia in this system, also showing that
E. uniflora (INV) sustains higher levels of herbivore damage than its native congeners at
this location (Hugh Taylor Birch State Park, Florida, USA) (Bohl Stricker and Stiling
2012). Numerous other studies have found little evidence for the ERH, indicating
instead that resident herbivores prefer novel plant hosts (e.g. Agrawal and Kotanen
2003; Suwa and Louda 2012) and may therefore impart biotic resistance to invasion
(Levine et al. 2004). This occurs when native species are better defended against
resident herbivores than their non-native counterparts due to coevolution (Shea and
Chesson 2002). However, a preference for novel hosts does not explain why the
incidence of foliar herbivory sustained by the introduced non-invasive Eugenia species
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was similar to that incurred by the native species and lower than E. uniflora (INV). In
contrast to its non-invasive introduced congeners, populations of E. uniflora have existed
in south Florida hardwood hammock communities for several decades, possibly allowing
resident herbivores adequate time to adapt to utilize these plants as hosts (Hawkes
2007; Morrison and Hay 2011). Further, E. uniflora is widely planted in south Florida as
an ornamental and landscape plant, and extensive hedges are found in suburban yards
(Morton 1987). This widespread occurrence may have facilitated the accumulation of
insect herbivores, as the geographic extent of a host plant’s range has been shown to be
positively correlated with insect herbivore species richness (Strong 1974). Conversely,
susceptibility to herbivore damage may instead be regulated by the idiosyncratic
biologies of introduced plant species rather than potential to invade. For example, in a
common garden study comparing levels of herbivore attack among 30 pairs of exotic
and native congeners, Agrawal and Kotanen (2003) showed that while exotic species
usually sustained more foliar damage than their native counterparts, there was no clear
pattern in the magnitude of this difference based on invasion status. Likewise, Parker
and Gilbert (2007) showed that release from enemies could not explain the differences
in invasion success among introduced invasive and non-invasive clovers.
We found survival of Eugenia species to be significantly reduced by the presence
of insect herbivores, indicating that herbivory exerts strong negative impacts on plant
fitness. The ability of natural enemies to regulate plant populations is a key requisite of
the ERH (Keane and Crawley 2002) and has been shown to occur in many other
systems (Hendrix 1988; Crawley 1989; Levine et al. 2004). In contrast to survival, we
found release from herbivores to have little effect on growth of Eugenia seedlings,
except for E. luschnathiana (INI). Other studies have indicated that resident enemies
can negatively impact invasive plant performance in the new range. An enemy
exclusion experiment by Vasquez and Meyer (2011) also demonstrated that insect and
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fungal enemies can regulate invasive plants. Likewise, a previous study focusing on
native and invasive Eugenia at multiple life stages showed that herbivore damage
negatively impacted survival and population growth of E. uniflora (Bohl Stricker and
Stiling 2012).
Our results indicate that insect herbivore exclusion does not have increased
positive effects on performance of the native and introduced non-invasive congeners
over Eugenia uniflora and therefore contradict the predictions of the ERH. A metaanalysis conducted by Chun et al. (2010) similarly failed to find support for the ERH;
however, they found that invasive species did not outperform natives, regardless of
enemy presence. In contrast, we found that E. uniflora performed better than or as well
as its congeners in terms of growth and survival, in spite of higher levels of herbivore
damage. These results provide some evidence that the success of E. uniflora may be
attributable to its ability to outperform its congeners over at least part of its life cycle.
Many studies have shown that invasive species often outperform those that are native or
introduced and non-invasive (van Kleunen et al. 2010), and plant size has been shown
to contribute to competitive ability (Cahill et al. 2008). Such a competitive advantage
has been suggested to be conferred by superior seedling growth in invasive plants in
general (Vilà and Weiner 2004) and woody angiosperms in particular (Grotkopp and
Rejmánek 2007).
Performance of E. uniflora seedlings is not affected by the higher levels of
herbivore damage compared to its congeners, suggesting that E. uniflora may be better
able to tolerate herbivory. Such tolerance may facilitate its ability to establish where
other non-native Eugenia species cannot. Under ambient conditions, the introduced
non-invasive Eugenia species sustained relatively low levels of foliar herbivore damage,
however, both E. aggregata and E. brasiliensis completely died out, and E.
luschnathiana performed poorly in regard to stem growth. In contrast, tolerance to
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herbivory by E. uniflora may allow it to persist and overgrow other species in spite of
higher levels of enemy attack. Tolerance to enemies may be a particularly important
mechanism in conferring invasion success (Stastny et al. 2005; Ashton and Lerdau
2008). A study by Ashton and Lerdau (2008), also comparing the effects of herbivory on
closely related introduced invasive, non-invasive, and native plants, indicated that
tolerance to herbivory, rather than resistance, is important in facilitating the success of
invasive vines. Further investigation is necessary to determine the factors contributing
to the resistance of the introduced non-invasive congeners to herbivores, and the
apparent sensitivity of E. aggregata (INI) and E. brasiliensis (INI) to conditions in the new
range. They may be less able to tolerate the damage that is incurred by insect
herbivores, or may be more sensitive to other abiotic and biotic factors in south Florida
than the other Eugenia species.
Although proportional change in leaf number for E. uniflora (INV) and E.
luschnathiana (INI) was found not to be significantly different, this conclusion is
conservative, indicating that E. luschnathiana may be able to outperform E. uniflora for
this attribute under some circumstances. However, E. uniflora performed far better than
E. luschnathiana in terms of stem growth. This may be a considerable advantage over
increase in leaf number, allowing E. uniflora to overtop its competitors in the limited light
levels characteristic of the hammock. Additionally, seedling morphology of E.
luschnathiana and E. uniflora differs such that the leaves of E. luschanathiana are
smaller than those of E. uniflora (pers. obs.). Although E. luschnathiana may have
produced proportionally more leaves over the time interval in this study, leaf area may
be more important from a competitive standpoint. Indeed, specific leaf area has been
shown to be an important indicator of invader success (Grotkopp and Rejmánek 2007).
Nevertheless, our results indicate that, of the three introduced non-invasive Eugenia
considered in this study, E. luschnathiana may have the greatest potential for invasion
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as a result of similar survival to the invasive E. uniflora and high capacity for leaf
production.
Finally, our study also indicates that Eugenia seedling performance is not
affected by the identity of adjacent overstory species. Although interspecific competition
with adult plants is a major driver of competitive ability of seedlings on the forest floor as
a result of differences in canopy cover, leaf litter, and nutrient recycling, we detected no
influence on seedling growth, survival, or foliar damage based on potential microhabitat
differences imposed by the differences among overstory species. This is likely a result
of some degree of environmental homogeneity imposed by the spreading mixed
canopies of the tallest trees, and the great amount of Coccoloba uvifera (sea grape) leaf
litter that affected all areas of the forest including those not directly beneath sea grape
canopy trees. Although there may be small differences in both biotic and abiotic
conditions in association with particular hammock species, it is apparent that other
factors such as the inherent attributes of seedling species and influence of herbivores
have more important effects on seedling performance.
In conclusion, this study provides strong evidence that plant traits, but not
release from enemies, contribute to the success of E. uniflora in this system. Not only
does E. uniflora sustain significantly more damage by foliar herbivores, the exclusion of
these herbivores does not have a lower impact on performance attributes compared to
its native and introduced non-invasive congeners. Our conclusions support earlier
studies that also concluded that enemy release probably does not explain the invasion
success of E. uniflora (Bohl Stricker and Stiling 2012). However, it is possible that
enemy release may have played a role in E. uniflora invasion during its establishment
phase approximately a century ago, but new enemies may have arrived or adapted to
the presence of E. uniflora in recent years. Although enemy release has not been found
to be important in the success of E. uniflora in this study, its success may be attributed
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to other factors such as a superior ability to tolerate damage and grow faster than similar
species. Because its congeners were not found to outperform E. uniflora for any
attribute, it is likely that this species possesses a pre-adapted competitive edge that
leads to its invasion success. Other life history traits such as propagule pressure,
fecundity, and other reproductive traits may also be important to successful
establishment and invasion by E. uniflora. These characteristics should be quantified in
future studies in order to properly understand how they affect successful invasion by E.
uniflora in south Florida.

Literature Cited

Agrawal AA, Kotanen PM (2003) Herbivores and the success of exotic plants: a
phylogenetically controlled experiment. Ecology Letters 6:712-715
Ashton IW, Lerdau MT (2008) Tolerance to herbivory, and not resistance, may explain
differential success of invasive, naturalized, and native North American
temperate vines. Diversity and Distributions 14:169-178
Baskin CC, Baskin JM (1998) Seeds ecology, biogeography, and evolution of dormancy
and germination. Academic Press, San Diego
Bayer Environmental Science (2004) Merit® 75 WP insecticide specimen label. Bayer
CropScience LP, Research Triangle Park, North Carolina
Bohl Stricker KR, Stiling P (2012) Herbivory by an introduced Asian weevil negatively
affects population growth of an invasive Brazilian shrub in Florida. Ecology
93:1902-1911
Cahill JF, Kembel SW, Lamb EG, Keddy PA (2008) Does phylogenetic relatedness
influence the strength of competition among vascular plants? Perspectives in
Plant Ecology Evolution and Systematics 10:41-50
Cappuccino N, Carpenter D (2005) Invasive exotic plants suffer less herbivory than noninvasive exotic plants. Biology Letters 1:435-438
Chiriboga CA (2009) Physiological responses of woody plants to imidacloprid
formulations. Master’s thesis, The Ohio State University, Columbus
Chun YJ, van Kleunen M, Dawson W (2010) The role of enemy release, tolerance and
resistance in plant invasions: linking damage to performance. Ecology Letters
13:937-946
93

Colautti RI, Ricciardi A, Grigorovich IA, MacIsaac HJ (2004) Is invasion success
explained by the enemy release hypothesis? Ecology Letters 7:721-733
Crawley MJ (1989) Insect herbivores and plant-population dynamics. Annual Review of
Entomology 34:531-564
DeWalt SJ, Denslow JS, Ickes K (2004) Natural-enemy release facilitates habitat
expansion of the invasive tropical shrub Clidemia hirta. Ecology 85:471-483
Elton CS (1958) The ecology of invasions by animals and plants. Methuen, London
Florida Exotic Pest Plant Council (FLEPPC) (2011) FLEPPC 2011 List of Invasive Plant
Species, Summer/Fall 2011. http://www.fleppc.org/list/11list.html
Gann GD, Bradley KA, Woodmansee SW (2007) The floristic inventory of south Florida
database online. The Institute for Regional Conservation, Miami.
http://www.regionalconservation.org/ircs/database/plants/PlantPage.asp?TXCOD
E=Eugenunif
Gilman EF (2011)a Eugenia axillaris. Fact Sheet FPS-199. Environmental Horticulture
Department, Cooperative Extension Service, Institute of Food and Agricultural
Sciences, University of Florida
Gilman EF (2011)b Eugenia foetida. Fact Sheet FPS-200. Environmental Horticulture
Department, Cooperative Extension Service, Institute of Food and Agricultural
Sciences, University of Florida
Global Invasive Species Database (2006) Eugenia uniflora.
http://www.issg.org/database/species/distribution.asp?si=983&fr=1&sts=sss&lan
g=EN
Gordon DR and Thomas KP (1997) Florida’s invasion by nonindigenous plants: history,
screening, and regulation. In: Simberloff D, Schmitz DC, Brown TC (eds)
Strangers in paradise: impact and management of nonindigenous species in
Florida. Island Press, Washington, DC, pp 21–38
Grotkopp E, Rejmánek M (2007) High seedling relative growth rate and specific leaf area
are traits of invasive species: Phylogenetically independent contrasts of woody
angiosperms. American Journal of Botany 94:526-532
Hamilton MA, Murray BR, Cadotte MW, Hose GC, Baker AC, Harris CJ, Licari D (2005)
Life-history correlates of plant invasiveness at regional and continental scales.
Ecology Letters 8:1066-1074
Hawkes CV (2007) Are invaders moving targets? The generality and persistence of
advantages in size, reproduction, and enemy release in invasive plant species
with time since introduction. American Naturalist 170:832-843
Hendrix SD (1988) Herbivory and its impact on plant reproduction. In: Lovett Doust J,
Lovett Doust L (eds) Plant reproductive ecology: patterns and strategies. Oxford
University Press, NewYork, NY, pp 246-263
Hothorn T, Bretz, F, Westfall P (2008) Simultaneous inference in general parametric
models. Biometrical Journal 50: 346-363
94

Howard RA (1989) Flora of the Lesser Antilles: leeward and windward islands, vol. 5.
Arnold Arboretum, Harvard University, Jamaica Plain, Massachusetts
Keane RM, Crawley MJ (2002) Exotic plant invasions and the enemy release
hypothesis. Trends in Ecology & Evolution 17:164-170
Langeland KA, Craddock Burks K, eds. (1998) Identification and biology of non-native
plants in Florida’s natural areas. University of Florida, Gainesville
Levine JM, Adler PB, Yelenik SG (2004) A meta-analysis of biotic resistance to exotic
plant invasions. Ecology Letters 7:975-989
Liu H, Stiling P (2006) Testing the enemy release hypothesis: a review and metaanalysis. Biological Invasions 8:1535-1545
Mack RN (1996) Predicting the identity and fate of plant invaders: emergent and
emerging approaches. Biological Conservation 78
Mack RN, Simberloff D, Lonsdale WM, Evans H, Clout M, Bazzaz FA (2000) Biotic
invasions: Causes, epidemiology, global consequences, and control. Ecological
Applications 10:689-710
Maron JL, Vilà M (2001) When do herbivores affect plant invasion? Evidence for the
natural enemies and biotic resistance hypotheses. Oikos 95:361-373
Mitchell CE, Power AG (2003) Release of invasive plants from fungal and viral
pathogens. Nature 421:625-627
Morrison WE, Hay ME (2011) Herbivore preference for native vs. exotic plants:
generalist herbivores from multiple continents prefer exotic plants that are
evolutionarily naive. Plos One 6:7
Morton J (1987) Fruits of warm climates. Julia F. Morton, Miami, FL
Myers RL, Ewel JJ (1990) Ecosystems of Florida. University of Central Florida Press,
Orlando
Parker IM, Gilbert GS (2007) When there is no escape: the effects of natural enemies on
native, invasive, and noninvasive plants. Ecology 88:1210-1224
Pimentel D, Zuniga R, Morrison D (2005) Update on the environmental and economic
costs associated with alien-invasive species in the United States. Ecological
Economics 52:273-288
Pyšek P, Richardson DM (2007) Traits associated with invasiveness in alien plants:
where do we stand? In: Nentwig W (ed) Biological invasions. Springer, New
York, NY, pp 97–125
R Development Core Team (2012) R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Austria. ISBN 3900051-07-0
Reichard SH, Hamilton CW (1997) Predicting invasions of woody plants introduced into
North America. Conservation Biology 11:193-203
95

Shea K, Chesson P (2002) Community ecology theory as a framework for biological
invasions. Trends in Ecology & Evolution 17:170-176
Stastny M, Schaffner U, Elle E (2005) Do vigour of introduced populations and escape
from specialist herbivores contribute to invasiveness? Journal of Ecology 93:2737
Strong DR (1974) Nonasymptotic species richness models and insects of British trees.
Proceedings of the National Academy of Sciences of the United States of
America 71:2766-2769
Suwa T, Louda SM (2012) Combined effects of plant competition and insect herbivory
hinder invasiveness of an introduced thistle. Oecologia 169:467-476
van Kleunen M, Weber E, Fischer M (2010) A meta-analysis of trait differences between
invasive and non-invasive plant species. Ecology Letters 13:235-245
Vasquez EC, Meyer GA (2011) Relationships among leaf damage, natural enemy
release, and abundance in exotic and native prairie plants. Biological Invasions
13:621-633
Vilà M, Weiner J (2004) Are invasive plant species better competitors than native plant
species? evidence from pair-wise experiments. Oikos 105:229-238
Vitousek PM, Dantonio CM, Loope LL, Rejmánek M, Westbrooks R (1997) Introduced
species: A significant component of human-caused global change. New Zealand
Journal of Ecology 21:1-16
Warton DI, Hui FKC (2011) The arcsine is asinine: the analysis of proportions in ecology.
Ecology 92
Williamson M, Fitter A (1996) The varying success of invaders. Ecology 77:1661-1666
Wolfe LM (2002) Why alien invaders succeed: Support for the escape-from-enemy
hypothesis. American Naturalist 160:705-711
Zuur, AF, Ieno EN, Walker NJ, Saveliev AA, Smith GM (2009) Mixed effects models and
extensions in ecology with R. Springer, New York, NY

96

Figure 4.1: Proportion of damaged leaves for each seedling species in January 2011 at
Hugh Taylor Birch State Park. Boxes represent interquartile ranges, lines indicate
medians, whiskers represent fences, and points represent outliers. Species are
represented by the abbreviations of their species names where Ax = E. axillaris, F = E.
foetida, U = E. uniflora, Ag = E. aggregata, B = E. brasiliensis, and L = E. luschnathiana.
Codes in parentheses indicate the invasion status of each species. NC = native
common, INV = invasive, INI = introduced non-invasive
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Figure 4.2: Change in height increment from January to September 2011 for surviving
Eugenia seedlings in control and insecticide-treated plots at Hugh Taylor Birch State
Park. Bars represent means (± SE). Species are represented by the abbreviations of
their species names where Ax = E. axillaris, F = E. foetida, U = E. uniflora, and L = E.
luschnathiana. Codes in parentheses indicate the invasion status of each species. NC
= native common, INV = invasive, INI = introduced non-invasive. The asterisk indicates
a significant effect of treatment on height increment (P < 0.05)
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Figure 4.3: Proportional change in leaf number between January to September 2011 for
surviving Eugenia seedlings in control and insecticide-treated plots at Hugh Taylor Birch
State Park. Bars represent means (± SE). Species are represented by the abbreviations
of their species names where Ax = E. axillaris, F = E. foetida, U = E. uniflora, and L = E.
luschnathiana. Codes in parentheses indicate the invasion status of each species. NC
= native common, INV = invasive, INI = introduced non-invasive. Unique letters indicate
significant pairwise differences in stem height increment among species (P < 0.05)
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Figure 4.4: Average number of months survived for Eugenia species treated with
insecticide or water (control) at Hugh Taylor Birch State Park. Boxes represent
interquartile ranges, lines indicate medians, whiskers represent fences, and points
represent outliers. Species are represented by the abbreviations of their species names
where Ax = E. axillaris, F = E. foetida, U = E. uniflora, Ag = E. aggregata, B = E.
brasiliensis, and L = E. luschnathiana. Codes in parentheses indicate the invasion
status of each species. NC = native common, INV = invasive, INI = introduced noninvasive
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